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19.  ABSTRACT  (Contmue  on  reverse  if  necessery  end  identify  by  block  number) 

An  investigation  has  been  carried  out  of  the  Impact  behavior  of  fiber  conposites  with  glass 
and  glass-ceramic  matrices.  The  materials,  which  were  selected  as  model  systems  for  high 
temperature  ceramic  compos  1te$-_jcens  Is  ted  of  graphite  fibers  in  borosilicate  Xjlass  and  lith¬ 
ium  aluminosilicate  (LAS)  gLiss-cejdhnrc  matrices.  Impact  testing  was  carried  put  on  cross- 
plied  material  of  lay-up  (0^,  96P5)  ^s*  Several  different  types  of  Impact  experiments  were 
carried  out.  In  one,  specimens  were  impacted  at  room  temperature  by  an  instrumented  falling 
weight  impactor  while  subjected  to  a  superimposed  tensile  stress.  The  amount  of' damage 
caused  in  this  test  depends  on  the  level  of  stress  and  impact  energy.  The  concept  of  an 
impact  map  has  been  developed:  taking  total  fracture  as  the  failure  criterion,  an  Impact 
map  can  be  constructed  in  which  Impact  energy  Is  plotted  against  applied  stress/  The 
boundary  denoting  total  failure  of  a  material  can  be  plotted  on  the  impact  map  and  enables 
a  comparison  between  different  test  conditions  and  different  materials.  Impact  maps  have 
been  constructed  for  the  two  composite  systems  and  it  has  been  shown  that  at  high  impact 
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19.  Abstract  (Continued) 

energies  the  borosilicate  glass  composite  is  superior  to  the  LAS  glass-ceramic 
composite,  while  at  low  energies  the  opposite  is  true.  This  transition  in 
behavior  is  reflected  In  differences  in  morphology  of  fracture  under  the 
different  test  conditions.  Data  are  provided  which  enable  the  glass  and  glass 
ceramic  composites  to  be  compared  with  graphite-epoxy  composites  on  the  same 
Impact  map:  the  graphite-epoxy  is  superior  to  these  ceramic  composites. 
Falling  weight  impact  measurements  have  been  carried  out  on  the  borosilicate 
glass  composite  over  the  temperature  range  400°C  to  650°C.  This  encompasses 
the  temperature  at  which  the  matrix  becomes  ductile  at  580°C.  The  impact 
damage  in  the  whole  of  this  range  is  substantially  more  severe  than  under 
the  same  impact  conditions  at  room  temperature,  with  considerably  more 
delamination  being  displayed.  Ballistic  impact  tests  on  both  composite 
systems  have  been  carried  out  using  a  gas  driven  ball  gun  operating  at 
Impact  velocities  between  70  ms‘l  and  140  ms'1.  These  velocities  were 
much  higher  than  those  of  the  falling  weight  impact  test,  which  were  between 
1  ms”1  and  3.5  ms"1.  The  damage  in  the  ballistic  test  is  more  localized 
than  in  the  falling  weight  test  and  is  confined  mainly  to  a  hole  punched 
through  the  specimen,  with  little  significant  differences  in  appearance 
between  the  two  ceramic  composites.  This  is  different  than  the  falling 
weight  test  in  which  damage  is  considerably  more  extended  and  there  are 
more  significant  differences  ir.  appearance  between  the  two  composites. 

Slow,  controlled,  fracture  tests  employing  the  same  loading  geometry 
as  the  falling  weight  test  have  enabled  some  features  of  the  development 
of  damage  to  be  identified.  The  borosilicate  glass  and  glass-ceramic 
composites  were  selected  for  this  program  because  it  was  expected,  from 
earlier  work,  that  they  would  have  different  fiber-matrix  bond  strengths 
and  consequently  different  interlaminar  shear  strengths,  works  of  fracture, 
and  other  toughness-related  properties.  A  modest  materials  development 
program  was  carried  out  to  optimize  the  materials,  and  is  reported. 
Measurements  of  flexural  strength,  interlaminar  shear  strength  and  work 
of  fracture  of  unidirectional  materials  are  reported.  Although  the  two 
materials  did  have  different  interlaminar  shear  strengths  and  works  of 
fracture,  the  relationship  between  these  properties  was  not  as  would  be 
expected  from  simple  theory.  Measurements  of  matrix  microcracking  have 
been  carried  out  and  fibre-matrix  bond  strengths  calculated  from  the 
microcrack  spacing  as  lying  in  the  range  5-25  MPa.  These  too  do  not 
relate  well  to  the  interlaminar  shear  strengths.  This  may  be  due,  at 
least  partly,  to  Inhomogeneity  in  fibre-matrix  distribution.  Some  further 
materials  development  may  be  necessary  to  obtain  fully  optimized  material. 
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1. 


INTRODUCTION 


1 . 1  Scope 

The  overall  objective  of  the  work  described  here  was  to  determine  the  effect 
of  impact  on  ceramic  matrix  fiber  composites. 

One  of  the  principal  motives  for  developing  fibre  reinforced  ceramics  is  the 
very  considerable  increase  in  toughness  which  can  be  obtained  compared  with 
monolithic  ceramics.  Increased  toughness  is  clearly  an  important  goal  for  this 
class  of  materials  but  it  is  difficult  to  quantify  its  usefulness  because  of  the 
non-applicability  of  linear  elastic  fracture  mechanics.  In  practice  an  important 
feature  of  ceramic  composites,  related  to  toughness,  is  their  ability  to  tolerate 
damage  induced  by  impact  while  under  normal  operating  stresses  as,  for  example,  a 
turbine  blade  under  centrifugal  stress  impacted  by  debris. 

Consequently,  the  programme  had  several  subsidiary  objectives.  One,  was  to 
assess  the  usefulness  of  impacting  pre-stressed  test  specimens  as  a  means  of 
evaluating  the  toughness  of  ceramic  composites.  Another  was  to  determine  the 
effect  of  changes  in  one  of  the  basic  materials  properties,  the  fiber-matrix  bond 
strength,  on  toughness  and  resulting  impact  response.  The  study  was  therefore 
carried  out  on  two  different  model  systems  consisting  of  graphite  fibers  in  glass 
and  glass-ceramic  matrices,  which  were  expected  from  previous  work  to  produce 
different  fiber-matrix  bond  strengths.  Additional  objectives  were  to  assess  the 
effect  of  temperature  and  impact  velocity. 

Several  different  experiments  were  carried  out  and  are  reported  here 
including: 

Instrumented  drop-weight  impact  at  room  temperature. 

Drop-weight  impact  at  temperatures  at  which  matrix  softening  occurred. 

Ballistic  impact  at  room  temperature. 

Subsidiary  micromechanics  experiments. 
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1.2  Background 


1.2.1  Ceramic  Matrix  Fiber  Composites 

The  increasing  availability,  during  the  last  decade,  of  high  strength  ceramic 

fibers  and  whiskers,  with  the  potential  of  acceptable  costs,  has  prompted 

excitement  at  the  prospect  of  developing  high  strength  ceramic  composite  systems 

which  could  operate  for  prolonged  periods  of  time  at  very  high  temperatures  in 

(1  2) 

oxidizing,  and  other  aggressive,  atmospheres  *  .  Particularly  important 

applications  for  such  materials  exist  in  gas  turbine  engines  for  aircraft,  where 
the  advantages  of  a  higher  temperature  capability  and  reduced  density  compared  with 
nickel  based  superalloys  could  result  in  the  development  of  engines  of  considerable 
superiority  over  existing  engines. 

The  successful  development  of  ceramic  composites  for  such  applications  depends 
on  two  main  factors.  All  the  existing  fibres  have  severe  disadvantages  at  present: 
e.g.  graphite  because  of  oxidation  above  400°C;  Nicalon  SiC  because  of  its 
non-stoichiometry  leading  to  chemical  reactions  and  microstructural  re-arrangement 
at  around  1000°C;  alumina  because  of  reactions  with  oxide  matrices  leading  to  too 
strong  a  bond  between  fibers  and  matrix.  There  is  thus  a  need  for  the  development 
of  fibers  with  improved  high  temperature  capability  and/or  the  development  of  fibre 
surface  treatments  or  coatings  which  will  inhibit  internal  changes  in  the  fiber,  or 
reactions  with  the  gaseous  environment  or  with  the  matrix.  The  existence  of 
different  fibers  and  of  different  fibre  surface  modifications  will  result  in 
composites  with  a  range  of  fiber-matrix  bond  strengths  and  thus  a  range  of 
mechanical  properties. 

The  other,  parallel,  need  is  to  understand  the  significance  in  engineering 
terms  of  the  mechanical  properties  of  these  composite  materials.  The  anisotropy 
and  local  inhomogeneity  of  composite  materials  make  them  behave  differently  than 
conventional  monolithic  materials,  and  there  is  a  need  to  interpret  carefully  their 
mechanical  properties  and  evolve  engineering  design  techniques  based  on  a 
fundamental  understanding  of  the  properties.  Fortunately,  there  is  considerable 
experience  in  this  from  the  vast  body  of  work  on  polymer  composites,  but  there  are 
significant  differences  between  polymer  composites  and  ceramic  composites  and 


therefore  the  adaptation  of  polymer  composite  background  to  ceramic  composites  must 
proceed  with  caution. 

This  report  describes  work  on  toughness  and  damage  tolerance  of  graphite  fiber 

reinforced  glasses  and  glass-ceramics.  These  may  be  regarded  as  models  for  true 

high  temperature  systems.  Their  advantages  for  this  purpose  are  that:  they  can  be 

(3  4) 

fabricated  with  a  range  of  fiber-  macrix  bond  strengths  *  ;  they  demonstrate  many 

of  the  features  of  true  high  temperature  systems,  such  as  matrix  microcracking ^  ; 
and  because  the  effects  of  matrix  plasticity  can  become  evident  at  relatively  low 
temperatures,  -v-  500°C,  the  transition  from  a  brittle  matrix  to  a  more  ductile 
matrix  can  be  studied  more  conveniently  than  would  be  possible  for  a  true  high 
temperature  system. 

Although  these  composites  are  treated  here  as  model  materials  because  they 
cannot  operate  in  air  for  long  periods  of  time  at  temperatures  greater  than  400°C, 
because  of  fiber  oxidation,  in  non-oxidising  atmospheres  the  glass-ceramic 
composite  can  have  excellent  properties  to  temperatures  potentially  well  in  excess 
of  1000°C.  Therefore  for  non-  oxidising  atmospheres  they  can  be  regarded  as 
moderate-to-high  temperature  systems. 

1.2.2  Toughness  and  Damage  Tolerance 

Toughness,  although  sometimes  regarded  narrowly  as  the  linear  elastic  fracture 
mechanics  concept  of  critical  stress  intensity  factor,  is  more  generally  a  class  of 
properties,  rather  than  a  single  property.  The  unifying  concept  behind  the 
different  toughness  parameters  is  that  they  are  all,  properly,  a  measure  of  the 
amount  of  energy  absorbed  when  a  material  fractures^'^  . 

Much  research  has  been  carried  out  into  the  fracture  of  fiber  composites.  The 
anisotropy  and  inhomogeneity  of  unidirectional  materials  and  multi-directional 
laminates  made  from  unidirectional  laminae  make  their  fracture  a  complex  process. 
For  example  the  fracture  of  a  multi-directional  laminate  can  typically  involve  a 
sequence  of  events  such  as  the  development  of  multiple  cracks  parallel  to  fibers, 
delaraination  between  plies,  and  a  resulting  failure  which  is  not  localized  and  not 
caused  by  self-similar  crack  growth''  ’  ' . 
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Historically,  early  work  concentrated  on  attempting  to  understand  the  factors 

which  control  strength  and  toughness  in  unidirectional  fiber  composites.  Crack 

propagation  perpendicular  to  fibers  was  investigated  by  artificially  constraining 

the  crack  to  propagate  in  the  required  direction.  In  this  way  the  energy 

absorption  mechanisms  in  composites,  including  fiber  reinforced  glasses  and 

glass-ceramics,  were  investigated  and  the  important  toughening  mechanisms  such  as 

10  19) 

pull-out,  debonding  and  post-debond  friction  identified  and  quantified  ’  ’ 

Crack  propagation  parallel  to  fibers,  in  polymer  composites,  has  also  been 

investigated  and  the  development  of  a  process  zone,  due  to  fibers  tieing  the 

fracture  surfaces,  and  the  variation  of  fracture  energy  with  crack  length  have  been 

(12  13) 

identified  and  the  consequences  for  crack  stability  discussed  ’  .  As  well  as 

identifying  the  energy  absorption  processes,  work  of  this  type  showed  that  a 
fracture  mechanics  approach  could  sometimes  be  employed  with  unidirectional  fiber 
composites  under  the  artificial  conditions  where  cracks  were  constrained  by 
experimental  techniques  to  propagate  in  the  required  directions'***^ .  For 
multi-directional  materials,  the  complexity  of  the  fracture  processes  produced  a 
conceptual  problem  and  research  has  shown  that  although  a  linear  elastic  fracture 
mechanics,  or  related,  approach  can  sometimes  be  made  to  work  under  artificial 
circumstances  of  crack  constraint,  it  has  very  limited  general 

applicabi lity'’  ’  ’  1 .  As  well  as  linear  elastic  fracture  mechanics,  many  other 

related  two  or  three  parameter  approaches  have  been  used,  such  as  the  point  stress 
and  average  stress  criteria,  but  it  is  widely  recognized  that  all  of  these  are  of 
very  limited  value  and  at  present  there  is  no  valid,  single,  toughness  parameter 
which  can  be  used  in  the  selection  and  design  of  composite  materials.  Instead  a 
pragmatic  approach  is  necessary,  depending  upon  the  practical  application  of  the 
material.  One  approach  which  is  being  widely  researched  for  polymer  matrix  fiber 
composites  is  the  concept  of  damage  tolerance  -  the  remaining  strength  of  the 
material  after  it  has  been  damaged  or  after  a  severe  stress  concentration  has  been 
otherwise  introduced  ^  * /+  *  . 

Ceramic  matrix  fiber  composites  have  potential  applications  where  their  impact 
behaviour  -  including  ballistic  impact,  may  be  important.  It  is  known  from 
previous  work  on  polymer  matrix  fiber  composites  that  the  loss  of  strength  of  a 
fiber  composite  under  simultaneous  impact  and  tensile  stress  can  be  much  more 
severe  than  under  the  sequential  conditions  of  impact  followed  by  tensile 
stress^*^  *®^ .  Figure  1  shows  this  effect  for  a  graphite  fiber  reinforced  epoxide 
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composite,  for  which  the  direction  of  impact  was  perpendicular  to  the  direction  of 
the  tensile  stress,  Figure  2.  In  Figure  1  the  data  on  the  upper  (broken)  line  were 
obtained  by  impacting  the  specimens  while  initially  unstressed,  and  then  measuring 
their  residual  (remaining)  strengths  in  the  tensile  test.  The  data  on  the  lower 
(solid)  line  were  obtained  by  impacting  the  specimens  while  they  were  subjected  to 
a  superimposed  tensile  stress.  In  such  an  experiment  it  is  necessary  to  impact 
several  specimens  under  a  range  of  stress  at  a  given  impact  energy  to  determine  the 
boundary  between  fracture  and  non-fracture  and  the  solid  line  of  Figure  1 
represents  that  boundary.  This  effect  has  been  studied  in  some  detail  for  polymer 
matrix  composites  and  its  severity  is  known  to  depend  on  the  strength  of  the 
fiber-matrix  bond.  The  combined  effects  of  impact  and  tension  could  be  important 
for  applications  of  ceramic  composites,  for  example  a  turbine  blade  under  high 
centrifugal  stress.  An  important  objective  of  the  programme  was  to  study  these 
aspects  of  the  damage  tolerance  of  ceramic  matrix  fiber  composites. 


2. 


EXPERIMENTAL 


2.1  Fabrication 


Composites  were  manufactured  by  the  slurry  impregnation  route  which  was  first 
(1  3) 

developed  at  Harwell  ’  .  Figure  3  shows  the  process  for  impregnating  a 

continuous  tow  of  carbon  fiber  with  glass  or  ceramic  powder.  The  tow  passes 

initially  up  a  vertical  column  and  over  a  pulley,  to  reduce  kinks  and  twists  as  the 

tow  is  unwound,  and  then  around  a  series  of  PTFE  rollers  where  it  is  subjected  to 
two  jets  of  air,  the  function  of  which  is  to  fan  the  fibers  out  over  the  width  of 
the  rollers  and  spread  the  tow  into  a  tape.  The  jets  are  arranged  so  that  there  is 

no  net  force  on  the  tow  in  the  direction  of  travel.  The  tape  is  then  passed 

through  a  tank  and  saturated  by  total  immersion  in  a  slurry  of  an  organic  binder, 
matrix  powder  and  a  solvent.  The  slurry  is  agitated  by  air  fed  through  a  sintered 
metal  disc  which  forms  the  bottom  of  the  tank.  The  impregnated  tape  is  reduced  to 
a  controlled  width,  typically  1  cm,  and  wound  with  a  small  overlap  onto  a  former 
while  still  wet.  In  this  condition  each  turn  bonds  with  its  neighbour.  After  air 
drying,  the  tape  can  be  cut  from  the  drum  in  the  form  of  a  self-supporting  sheet, 
sufficiently  strong  to  enable  it  to  be  handled  in  preparation  for  subsequent 
shaping  and  hot-pressing  operations. 

Composites  were  manufactured  from  Hysol  Grafil,  high  modulus,  unsized  graphite 
fiber  combined  with  borosilicate  glass  and  lithium  aluminosilicate  powders.  The 
borosilicate  glass  was  Corning  Pyrex  glass,  supplied  by  J.  Bibby  Science  Products 
Ltd.,  ball-milled  to  pass  through  a  mesh  <  45  mm.  The  lithium  alumino-silicate 
glass-ceramic  was  obtained  from  Pilkinton,  designed  Code  693  -  mixed  ZrO^/TiO^ 
nucleated,  also  ball-milled  to  <  45  pm. 

The  matrix  slurry  composition  was  20.6%  of  glass  or  glass-ceramic  in  a  2.1% 
polyethylene  oxide  binder  and  77.3%  analytical  grade  water  (ph  5.5  to  7.5).  The 
last  two  constituents  were  supplied  by  BDH  Ltd.  of  Poole,  England.  This  slurry 
composition  was  optimized  to  give  a  consistent  pre-preg  fiber  loading  of 
approximately  40  volume  %.  After  hot  pressing  the  material  had  a  low  porosity  of 
<2%. 
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Optimization  of  hot-pressing  parameters  involved  an  investigation  of  an 
time/temperature/pressure  matrix  of  process  conditions.  Optimization  was  carried 
out  using  a  small  die  assembly  to  produce  specimens  50  mm  x  15  mm  x  1  mm,  from 
which  were  machined  flexural  test  specimens  50  mm  x  6  mm  x  1  cm  These  were  tested 
in  an  Instron  testing  machine  at  a  rate  of  0.5  mm  min 

For  the  graph! te/borosilicate  material  a  matrix  of  27  experiments  gave  the 
results  in  Table  1.  The  optimum  hot-pressing  conditions  involved  heating  to  850°C; 
application  of  a  pressure  of  12  MPa  for  7  minutes;  cooling  to  400°C  under  load  and 
then  unloading. 

An  additional  requirement  for  glass-ceramic  materials  is  the  ceraming 
conditions  needed  to  provide  good  refractory  capability.  Table  2  presents  the 
results  of  the  optimization  studies  for  the  glass-ceramic  composites.  The  optimum 
hot-pressing  and  ceraming  conditions  were:  heating  to  1275°C  at  a  fast  heating 
rate;  application  of  a  pressure  of  12  MPa  for  7  minutes;  cooling  to  400°C  under 
load  and  then  unloading.  Figure  4  illustrates  the  effect  of  ceraming  temperature 
on  the  crystallinity  and  crystal  form  of  lithium  aluminosilicate. 

The  optimized  fabrication  conditions  were  subsequently  used  to  manufacture 
larger  plates,  100  mm  x  100  mm  x  2  mm,  both  cross-plied  (0°,90°)2S  and 
unidirectional,  from  which  impact  specimens  were  obtained.  Previous  work  had  shown 
that  there  are  no  problems  in  scaling  up  from  the  small  die  assembly  of  the 
optimization  studies,  to  the  larger  plate  die.  Each  plate  consisted  of  8  plies. 

2 . 2  Static  Mechanical  Testing 

Static  mechanical  testing,  for  the  purpose  of  providing  baseline  data,  was 
confined  to  flexural  testing.  Flexural  strengths  were  measured  in  3-point  bending 
on  specimens  of  dimensions  50  x  6  x  1  mm  with  a  span  of  40  mm  at  a  crosshead  speed 
of  0.5  mm  min  Shear  strengths  were  obtained  by  3-point  bending  of  short  beam 
specimens  of  dimensions  20  x  6  x  3  mm  with  a  span  to  depth  ratio  of  3.66:1.  Works 
of  fracture were  obtained  by  controlled  fracture  in  bending  of  specimens  of 
dimensions  50  x  6  x  5  mm. 
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2.3  Instrumented  Impact  Testing 


Instrumented  impact  testing  was  carried  out  at  room  temperature  using  a  CEAST 
Modular,  Falling  Weight,  Instrumented  Impact  Machine.  This  was  interfaced  via  an 
AFS/Mk3  advanced  fractographic  unit  to  an  Apple  Microcomputer  which  uses  the 
potential  energy  of  the  impactor  and  the  load-time  data  to  generate  load,  velocity 
and  absorbed  energy  as  a  function  of  time  and  displacement.  The  impact  machine  was 
combined  with  a  modified  Hounsfield  Tensometer  to  enable  the  specimens  to  be 
stressed  in  tension. 

The  equipment  is  illustrated  schematically  in  Figure  5  and  shown  in  Figure  6. 
Specimens,  typically  100  mm  long  x  25  mm  wide  x  2  mm  thick,  were  mounted 
horizontally  in  the  Hounsfield  Tensometer  :  this  is  a  small,  flat-bed,  test  machine 
which  can  apply  loads  up  to  2  tonnes.  The  specimen  was  gripped  by  means  of  screw 
action  grips  with  serrated  faces.  The  span  between  these  grips  was  fixed  at  50  mm, 
see  Figure  7.  The  static  tensile  load  applied  to  the  specimen  was  measured  via  a 
Maywood  Instruments  U-4000  load  cell,  which  has  a  2.5  tonne  capacity,  connected  to 
a  Vishay  Ellis-20  digital  strain  indicator. 

Impact  was  applied  by  means  of  a  falling  weight  tup.  The  tup  weight  was 
variable  but  was  normally  1.5  kg  in  these  experiments:  the  point  of  impact  was  a 
hemisphere  either  of  diameter  20  mm,  for  extended  damage,  or  6  non,  for  localized 
damage.  In  all  the  work  reported  here  a  6  mm  diameter  point  of  impact  was  used. 

A1 thought  the  point  of  impact  was  a  hemisphere,  it  was  mounted  on  a  cone.  Thus  at 
impact  energies  at  which  total  penetration  occurred,  the  cross-section  of  the 
impactor  increased  as  it  drove  through  the  specimen  with  consequent  increase  in 
damage.  Drop  height  was  also  variable,  and  in  these  experiments  up  to  1  metre. 

The  tup  was  a  proprietary  system,  supplied  by  CEAST  SpA:  it  contains  a  strain  gauge 
system  which  is  interfaced  via  the  CEAST  Advanced  Fractoscope  System  Mk.3  to  an 
Apple  Microcomputer.  The  CEAST  tup  strain  gauge  has  a  maximum  capacity  which 
allows  impact  loads  of  up  to  2  tonnes  to  be  measured. 

On  completion  of  an  impact  test  the  CEAST  system  can  automatically  provide  a 
time-sequence  print-out  of:  force  on  the  point  of  the  tup;  energy  absorbed  by  the 
tup  during  the  impact  event;  velocity  of  the  tup;  displacement;  and  combinations  of 
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these.  This  analysis  is  carried  out  from  the  input  of  the  force  versus  time  data 
and  the  initial  potential  energy  (mass  x  height,  mgh)  of  the  tup:  velocity, 
displacement  and  energy  are  inferred  from  these  by  simple  mechanics. 


2.4  Impact  Testing  at  Elevated  Temperatures 

For  impact  testing  at  elevated  temperatures  a  vertical  tube  furnace  was 
designed  and  constructed.  This  is  illustrated  in  Figure  8.  Both  ends  of  the 
furnace  were  closed  to  allow  a  non-oxidising  (nitrogen)  atmosphere  to  be  maintained 
around  the  specimen.  The  top  end  contained  a  centrally  positioned  ring  assembly 
incorporating  a  thin  membrane  of  aluminium  foil .  This  was  pierced  by  the  impactor 
prior  to  its  contact  with  the  composite  specimen  within.  The  specimen  holder 
reproduced  the  end  conditions  of  the  room-temperature  pre-stressed  impact  tests, 
and  locating  pins  allowed  it  to  be  aligned  accurately  on  the  framework  within  the 
furnace.  For  these  experiments  a  non-instrumented  tup  was  used.  Specimens  were 
not  pre-stressed  during  these  tests. 

2.5  Ballistic  Impact 

Ballistic  impact  testing  was  undertaken  on  equipment  at  the  Royal  Aircraft 
Establishment,  Farnborough,  UK.  Using  this  equipment,  a  6  mm  steel  ball  was  fired 
at  impact  velocities  between  70  ms  ^  and  140  ms  .  The  specimens  were  mounted  in 
the  same  jig  used  for  the  elevated  temperature  impact  tests  (Figure  8),  thus  giving 
the  same  constraining  conditions  as  in  the  stressed  impact  tests.  Specimens  were 
not  pre-stressed  during  these  tests. 


3. 


RESULTS 


3.1  Mechanical  Properties  at  Room  Temperature 

The  baseline  mechanical  properties  of  the  unidirectional  carbon  fiber 
reinforced  borosilicate  glass  and  LAS  glass-ceramic  composites  are  shown  in 
Table  3. 

The  flexural  strength  of  the  unidirectional  borosilicate  glass  composite  was 
900  MPa  while  that  of  laminates  made  from  it  were:  (0°/90°)2g  =  560  MPa; 

(90°/0°)2S  =  300  MPa. 

3.2  The  Effect  of  Temperature  on  the  Strength  of  Borosilicate  Glass  Composites 

The  transition  from  brittle  to  ductile  behaviour  at  elevated  temperatures  was 
determined  from  the  change  in  interlaminar  shear  strength  (ILSS)  with  increasing 
temperature.  Values  of  the  ILSS  determined  for  unidirectional  material  are  given 
in  Table  4  and  show  that  a  brittle/ductile  transition  occurred  just  below  580°C. 

3.3  Instrumented  Impact  Testing 

Impact  behaviour  was  studied  over  a  range  of  energies  and  applied  tensile 
loads.  All  impact  testing  was  carried  out  on  cross-plied  material  of  lay-up 
(0°,90°)  .  The  test  procedure  employed  was  as  follows.  The  specimen  was  mounted 

on  the  Tensometer  and  a  tensile  load  applied.  The  impactor  was  then  dropped  onto 
the  centre  of  the  specimen  from  a  height  which  defined  the  impact  energy  (E  =  mgh) . 
The  specimen  was  then  removed  and  examined  visually  for  damage.  Each  specimen  was 
subjected  to  only  one  impact  test.  For  each  impact  energy  a  number  of  specimens 
were  tested  over  a  range  of  applied  tensile  loads. 

For  specimens  impacted  under  zero  applied  tensile  load:  at  very  low  values  of 

E  no  visible  damage  was  observed;  at  higher  values  some  indentation  damage  and 

cracking  occurred  but  some  residual  tensile  strength  was  retained;  as  E  was  further 

increased  damage  became  progressively  more  severe  and  residual  tensile  strength 

decreased;  finally  an  energy  (E  )  was  reached  at  which  total  fracture  of  the 

max 

specimen  occurred. 


For  specimens  impacted  at  a  constant  impact  energy,  less  than  Emax:  as  the 
applied  tensile  load  was  increased  from  zero  for  successive  specimens,  damage 
increased  as  the  applied  tensile  load  increased,  but  the  specimen  retained  some 
residual  strength  until  eventually  a  load  was  reached  at  which  total  fracture 
occurred  and  the  specimen  had  zero  residual  strength. 

A  plot  of  impact  energy  against  applied  stress  can  be  regarded  as  an  impact 
fracture  map.  For  a  given  impact  energy  there  is  a  critical  applied  tensile  stress 
at  which  total  fracture  occurs  and  the  residual  strength  is  zero.  Plots  of  this 
fractured/unfractured  boundary  over  a  range  of  impact  energies  are  shown  on  the 
impact  fracture  maps  for  the  borosilicate  glass  composite  in  Figure  9  and  LAS 
glass-ceramic  composite  in  Figure  10. 

The  data  obtained  from  an  instrumented  impact  event  are  in  the  form  of  a  force 
versus  time  plot.  From  this  and  the  initial  potential  energy  of  the  impactor  are 
derived  the  absorbed  tup  energy,  velocity  and  tup  displacement.  Examples  of  impact 
data  and  their  presentation,  as  well  as  the  corresponding  photographs  of  the 
post-impact  appearance  of  the  specimens  are  shown  in  Figures  il  through  22  for  the 
LAS  glass-ceramic  specimens  and  Figures  23  through  34  for  the  borosilicate  glass 
specimens.  In  these  photographs  top  and  bottom  faces,  and  a  side  view,  are  shown. 
Other  data  about  the  specimens,  applied  stresses  and  information  obtained  from  the 
impact  event  graphs  are  shown  in  Table  5  for  the  LAS  glass-ceramic  specimens  and 
Table  6  for  the  borosilicate  glass  specimens.  The  variation  of  maximum  recorded 
impact  force,  which  was  not  always  the  first  recorded  peak  force,  over  a  range  of 
impact  velocities  for  both  non-fractured  and  fractured  material  is  shown  in 
Figures  35  and  36.  Also  shown  are  the  peak  forces  recorded  from  the  slow 
indentation  experiments. 

The  photographs  and  corresponding  impact  data  traces  illustrate  some  of  the 
key  observations  made  during  these  experiments. 

For  the  LAS  glass-ceramic  system,  Figures  13  and  16  are  a  series  of 
photographs  showing  the  increase  in  damage  of  specimens  impacted  at  2J  energy  as 
tensile  stress  was  increased  from  20  MPa  to  47.5  MPa.  At  the  lower  stresses  a 
hemispherical  indentation  was  produced  on  the  front  face  with  splitting  and 
spalling  of  strips  of  plies  on  the  rear  face.  This  damage  increased  until  at  the 


highest  stress  the  specimen  broke  in  two  separate  pieces.  Some  of  the 
corresponding  force-time  and  force-displacement  curves,  such  as  Figure  11  for 
specimen  LAS1.05,  show  macroscopic  peaks  which  may  be  associated  with  ply  failures. 
The  very  high  frequency  peaks  are  noise  associated  with  resonances  and  other 
extraneous  features.  Figures  19  and  22  are  photographs  showing  the  increase  in 
damage  of  specimens  impacted  at  4J  energy  as  stress  was  increased  from  zero  to 
10  MPa.  At  this  higher  energy,  damage  at  5  MPa  stress  was  similar  to  the  ballistic 
damage,  to  be  described  later,  with  complete  penetration.  At  the  higher  applied 
stresses  at  which  total  fracture  occurred,  fracture  was  a  more  widespread  process 
than  at  the  lover  impact  energy. 

For  the  borosilicate  glass  system.  Figure  25  is  a  photograph  of  damage 
obtained  at  1J  impact  and  applied  stresses  of  40  MPa  and  70  MPa,  while  Figures  28, 
31  and  34  show  the  effects  due  to  increasing  energy  with  examples  at  2J,  6J  and  8J. 
A  point  to  note  is  the  much  more  extensive  damage  which  occurred  as  impact  energy 
was  increased,  the  1J  impacted  specimen  failing  with  an  almost  planar  fracture 
while  the  higher  energy  specimens  showed  much  more  extensive  damage. 

In  general,  at  the  higher  impact  energies  the  borosilicate  glass  composites 
exhibited  much  more  extensive  and  fibrous  (hairy)  damage  than  the  LAS  glass-ceramic 
composites,  but  this  was  much  reduced  as  the  impact  energy  was  decreased.  A 
further  difference  between  the  two  composite  systems  occurred  in  the  force-time  and 
force-displacement  curves .  The  macroscopic  peaks  which  were  very  apparent  in  some 
of  the  LAS  glass-ceramic  composite  tests,  and  which  may  be  associated  with 
individual  ply  failures,  were  less  apparent  in  the  borosilicate  glass  composite 
tests . 

3.4  Slow  Fracture  Experiments 

In  order  to  clarify  the  processes  occurring  in  an  impact  test,  slow 
indentation  experiments  were  carried  out.  The  instrumented  tup  was  mounted  on  a 
floor  standing  Instron,  screw  driven,  testing  mschine  and  the  Hounsfield  Tensometer 
was  located  across  the  bed  of  the  Instron  so  that  the  specimen  could  be 
pre-stressed  by  the  Tensometer  and  then  slowly  'impacted'  by  the  tup  at  a  rate  of 
100  mm  min  All  specimens  were  of  cross-plied  material  of  lay-up  (0°,90°)2g. 
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The  advantage  of  this  test  was  the  controlled  nature  of  the  impact/indentation 
process,  which  permitted  identification  of  specific  damage  events  at  different 
stages  in  the  fracture  process.  In  an  impact  test  the  earlier  stages  of  fracture 
are  usually  obscured  by  later  damage.  The  most  noticeable  features  in  the  tests 
were  the  occurrence  of  major  load  peaks  and  some  inflections  on  the  rising  and 
falling  parts  of  the  load  trace.  These  peaks  and  inflections  corresponded  to 
microscopic  fracture  events .  Specimens  were  indented  until  characteristic  load 
peaks  were  reached  and  the  damage  at  those  points  is  described  below.  It  should  be 
noted  that  it  was  not  possible  to  relate  the  peaks  to  a  single  event  such  as  0°  ply 
failure  and  that  further  work  is  necessary  to  clarify  the  relationship  between  the 
features  in  the  load  trace  and  microstructural  fracture  events. 

3.4.1  LAS  Glass-ceramic  Composite 

Figure  37  shows  the  load-displacement  traces  obtained  at  various  stages  in  the 
slow  fracture  of  a  series  of  LAS  glass-ceramic  specimens. 

(a)  Specimen  LAS8-43  shows  the  trace  when  the  specimen  was  completely  fractured. 
This  force  versus  displacement  plot  was  characterised  by  the  presence  of  two 
distinct  peaks . 

(b)  Specimen  LAS8-45  was  indented  until  just  after  the  first  peak  at  a 
displacement  of  0.8  mm.  A  shallow  indent  was  visible  on  the  top  surface.  No 
delamination  or  ply  splitting  was  visible  along  the  specimen  edges.  The  under 
surface  exhibited  a  region  of  localised  delamination  with  some  fiber  fracture 
giving  the  appearance  of  a  small,  circular  plate  being  spalled  away.  A  crack  ran 
perpendicularly  from  this  region  to  one  of  the  edges,  through  the  two  bottom 
plies . 

(c)  Specimen  LAS8-44  was  tested  to  a  point  just  after  the  second  peak.  The  indent 
on  the  top  surface  was  larger  and  about  2  mm  in  depth.  Some  splitting  between  the 
fibers  in  the  top  0°  ply  to  one  side  of  the  indent  mark  was  visible.  The  greater 
tup  penetration  and  associated  material  push-through  had  increased  the  area  of 
delamination  on  the  under  surface.  Three  distinct  plate-like  regions  were  present. 
The  perpendicular  crack  observed  with  specimen  LAS8-45  had  progressed  a  stage 
further,  and  had  resulted  in  the  specimen  fracturing  over  half  of  its  width.  No 
delamination  or  ply  splitting  was  visible  along  the  specimen  edges. 
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(a)  Returning  to  (a),  this  specimen  (LAS8-43)  was  indented  until  complete 
fracture.  The  plate-like  regions  of  delaminated  material  were  visible  on  the  under 
surface.  A  very  small  amount  of  delamination  was  present  along  the  specimen  edges. 
Very  little  fiber  pull-out  was  noticeable  on  the  fracture  face. 

3.4.2  Borosilicate  glass  composite 

The  force  vs.  displacement  plot  for  this  material  at  total  fracture  was  again 
characterised  by  two  distinctive  peaks,  see  Figure  38a  (specimen  BOR7-40) .  This 
specimen  while  not  completely  fractured,  suffered  considerable  delamination  damage 
similar  to  that  observed  in  the  impact  work. 

(b)  Specimen  B0R7-41  was  indented  until  just  after  the  first  characteristic  peak 
had  been  reached  at  a  displacement  of  1.4  mm.  A  small  indent  was  visible,  about 
2  mm  in  diameter,  with  a  5  mm  crack  each  side  running  parallel  to  the  0°  fibers. 

The  underside  exhibited  little  damage  apart  from  two  or  three  barely  visible  cracks 
running  parallel  to  the  0°  fibres.  The  most  serious  damage  was  observed  along  the 
edges.  Considerable  ply  splitting  and  delamination  was  present  in  the  90°  plies 
over  the  whole  50  mm  specimen  span. 

(c)  Specimen  B0R8-43  was  indented  until  just  before  the  second  peak.  The  damage 
was  similar  to  that  observed  with  B0R7-41,  but  was  more  advanced.  The  indentation 
on  the  top  surface  was  larger  and  both  the  top  and  bottom  surfaces  exhibited  a  much 
greater  amount  of  splitting  between  the  0°  fibers.  A  perpendicular  crack  meandered 
its  way  between  the  outermost  splits  in  the  bottom  0°  ply,  i.e.  across  a  region 
about  a  quarter  of  the  specimen  width.  Again,  substantial  splitting/cracking  was 
present  in  the  90°  plies 

(d)  Specimen  B0R7-42  showed  the  damage  state  reached  just  after  the  second  peak. 
Damage  was  more  extensive  than  in  BOR8-43.  Splitting  parallel  to  the  fibers  was 
more  widespread  in  the  top  and  bottom  0°  plies.  Again,  considerable 
delamination/splitting  was  observed  at  the  specimen  edges  along  the  whole  length  of 
the  test  span.  The  perpendicular  meandering  crack  observed  in  the  undersurface  of 
B0R8-43  had  gone  a  stage  further  and  almost  traversed  the  complete  specimen  width. 


(e)  Specimen  B0R8-44  was  indented  beyond  the  second  peak.  Far  more  splitting 
parallel  to  the  fibers  was  visible  on  the  top  surface,  with  some  of  these  cracks 
extending  the  length  of  the  specimen  span.  Splitting/cracking  visible  along  the 
edges  was  considerable.  The  perpendicular  crack  on  the  under  surface  eventually 
traversed  the  complete  specimen  width. 

(a)  Returning  to  (a),  this  specimen  (B0R7-40)  was  indented  until  the  tup 
displacement  was  4  mm.  The  damage  observed  was  considerably  worse  than  with 
B0R8-44.  The  greater  amount  of  splitting/cracking  in  the  90°  plies  resulted  in 
fiber  fracture  perpendicular  to  the  0°  fibres  in  the  bottom  three  0°  plies 

3.5  Effect  of  Temperature  on  Impact  Behavior 

Static  mechanical  testing  showed  that  the  brittle/ductile  transition 
temperature  for  the  borosilicate  glass  composites  lay  between  570°C  and  580°C. 
Subsequently,  impact  tests  were  carried  out  over  the  temperature  range  400°C  to 
650°C  on  cross-plied  material  of  lay-up  (0°,90°)2g.  Photographs  of  specimens 
impacted  at  0.5J  and  1J  are  shown  in  Figures  39  and  40  respectively.  In  these 
tests  the  impactor  had  a  mast  of  0.85  kg. 

The  specimens  impacted  at  0.5J  exhibited  splitting/cracking  in  the  90°  plies. 
Tup  penetration  was  limited  but  the  small  amount  of  material  "push-through" 
produced  a  perpendicular  crack  which  traversed  the  specimen  width  for  impacts  at 
600°C  and  650°C.  The  0.5J  impact  at  580°C  completely  fractured  the  specimen.  Some 
splitting  parallel  to  the  0°  fibres  was  present  in  the  top  ply.  From  its  surface 
appearance,  it  is  possible  that  this  specimen  may  have  suffered  some  oxidation. 

The  specimens  impacted  at  1J  exhibited  a  markedly  different  damage  appearance 
to  those  impacted  at  0.5J.  The  specimen  impacted  at  400°C  was  expected  to  suffer 
damage  similar  to  an  impact  under  equivalent  conditions  at  room  temperature  because 
at  that  temperature  the  matrix  was  still  brittle.  In  practice,  the  damage 
sustained  at  400°C  was  similar  to  that  obtained  with  the  specimen  impacted  at  0.5J 
at  600°C.  Again  considerable  splitting  in  the  90°  plies  was  visible.  A  crack 
perpendicular  to  the  0°  fibres  in  the  bottom  ply  traversed  the  complete  specimen 
width  and  propagated  up  through  three-quarters  of  the  specimen  thickness.  The  top 
surface  impact  crater  was  4  mm  in  diameter.  The  specimen  impacted  at  580°C 
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exhibited  a  brittle  fracture  breaking  at  its  middle  and  at  the  extremities  of  the 
span.  Ho  delamination  or  splitting  in  the  90°  plies  was  visible  along  the  edges. 
Fiber  pull-out  was  small  and  the  fracture  surfaces  were  relatively  flat.  Specimens 
impacted  at  600°C  and  650°C  both  fractured  at  mid-span  and  both  suffered  similar 
damage.  In  both  cases,  considerable  delamination  and  splitting/cracking  in  the  90° 
plies  occurred.  Splitting  parallel  to  the  0°  fibres  was  a  noticable  feature  of 
these  specimens  giving  the  final  fracture  specimen  a  distinctly  fibrous  appearance. 
From  its  appearance  it  is  possible  that  some  oxidation  of  the  carbon  fibers  may 
have  occurred  to  the  specimen  tested  at  600°C. 

Specimens  impacted  at  0.75J  exhibited  damage  features  similar  to  the  1J 
impacts.  The  damage  sustained  at  580°C  was  similar  to  that  obtained  with  a  1J 
impact  at  600°C.  The  specimen  had  fractured  at  mid-span  and  sufferred  some  fibre 
and  matrix  fracture  at  the  span  extremities.  Considerable  delamination  and 
splitting/cracking  was  present  in  the  90°  plies.  Splitting  parallel  to  the  0° 
fibers  was  again  in  evidence  giving  the  specimen  a  fibrous  appearance.  Specimens 
Impacted  at  600°C  and  650°C  exhibited  similar  damage.  In  both  cases,  impact  caused 
the  bottom  six  to  eight  plies  to  be  pushed  out  while  keeping  the  top  ply  intact  at 
the  specimen  edges  i.e.  the  specimen  still  possessed  some  residual  strength.  These 
delaminated  regions  completely  fractured  at  the  mid-span,  but  were  hinged  at  the 
span  extremities.  The  fracture  surfaces  were  again  distinctly  fibrous  or  "hairy". 

To  summarise:  the  appearance  of  the  fracture  morphology  of  these  elevated 
temperature,  low  impact  energy  specimens  was  quite  different  than  that  of  the  low 
energy,  room  temperature  impacts,  even  at  a  temperature  of  400°C  at  which  the 
matrix  was  still  brittle.  Damage  tended  to  be  more  extensive  and  more  akin  to  the 
high  impact  energy,  room  temperature,  specimens.  In  most  cases  considerable 
delamination  occurred  in  a  far  more  pronounced  way  than  at  room  temperature, 
perhaps  suggesting  that  interply  thermal  mismatch  stresses  were  of  increasing 
Importance.  As  temperature  and  energy  were  varied,  similar  damage  was  observed  at 
0.5J  at  600°C,  0.75J  at  580#C,  and  1.0J  at  400°C,  i.e.  as  energy  increased  the 
temperature  at  which  similar  damage  occurred  decreased. 
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3.6  Ballistic  Impacts 

LAS  glass-ceramic  specimens  impacted  under  ballistic  conditions  are  shown  in 
Figure  41,  and  the  borosilicate  glass  specimens  are  shown  in  Figure  42.  All 
specimens  were  of  cross-plied  material  of  lay-up  (0°,90°)2g.  The  rear  surfaces  of 
the  specimens  are  shown  in  these  figures.  Damage  to  the  front  surface  was  confined 
to  a  round  hole  caused  by  the  projectile.  No  delamination  or  ply 
splitting/cracking  was  visible  along  the  specimen  edges.  As  can  be  seen  in  the 
figures,  impact  damage  becames  more  localised  as  the  velocity  increased.  This  is 
shown  for  the  borosilicate  glass  specimens.  Figure  42.  An  impact  at  70  ms  *  has 
resulted  in  a  greater  amount  of  damage  in  the  bottom  ply  than  that  observed  at 
140  ms  * .  A  similar  trend  is  visible  with  the  LAS  glass-ceramic  composite 
material,  Figure  41,  although  the  damaged  carbon  fibers  obscure  the  penetration 
hole.  Equivalent  impact  energies  are  also  noted  in  these  two  figures  to  enable  a 
comparison  between  high  velocity  low  mass  impacts  (ballistic)  and  low  velocity  high 
mass  impacts  (the  instrumented  drop  weight  impact  tests)  shown  in  previous 
photographs . 

At  the  high  velocities  of  these  ballistic  tests  differences  in  fracture 
morphology  between  the  two  composite  systems  were  ouch  less  obvious  than  in  the 
lower  velocity  experiments. 

3 . 7  Matrix  Microcracking 

Microcracking  was  observed  in  both  the  LAS  and  borosilicate  unidirectional 
composites  tested  in  3-point  flexure.  This  cracking  was  more  easily  observed  in 
the  LAS  glass-ceramic  composite  than  in  the  borosilicate  glass  composite, 

Figure  43.  The  separation  between  matrix  microcracks  can  be  used  to  estimate  the 
fibre-matrix  bond  strength  by  a  procedure  described  more  fully  in  Reference  1  and 
5 .  The  non-uniform  spacing  between  cracks  made  the  measurement  of  a  meaningful , 
average  crack  spacing  difficult,  but  some  regions  of  uniform  cracking  could  be 
isolated  and  measurements  were  carried  out  on  these. 

The  fiber/matrix  bond  strength  can  be  determined  from  the  equation^: 
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(a  )  V  r 
mu  m 

k  V  2  t 

where  t  is  the  fiber  matrix  bond  strength,  (o  )  the  strength  of  the  matrix, 
is  the  matrix  volume  fraction  (0.6),  r  is  the  fiber  radius  (4  x  10  ^  m) ,  k  is  a 
constant  which  is  usually  less  than  1  (taken  as  0.5),  is  the  fibre  volume 
fraction  (0.4)  and  t  is  the  crack  spacing.  Average  crack  spacings  measured  from 
fractured  borosilicate  glass  and  LAS  glass-ceramic  composite  specimens  were  0.24  mm 
and  0.14  mm  respectively. 

Ideally,  (cr  )  ,  the  stress  in  the  matrix  at  which  microcracking  commences, 
m  u 

should  be  derived  from  the  stress  in  the  composite  at  which  cracking  is  observed  to 
begin,  or  at  which  the  stress-strain  curve  becomes  non-linear,  through  the 
equation: 
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where  a  is  the  stress  in  the  composite  at  which  matrix  microcracking  occurs,  E^ 

and  E  are  the  moduli  of  the  fiber  and  matrix  respectively.  In  practice,  because 

n 

of  experimental  difficulties,  it  was  not  possible  to  measure  (cr  )  accurately  for 

mu 

both  the  composite  systems  in  the  time  available.  A  value  was  estimated  for  the 

LAS  composite  from  the  stress  at  which  the  stress-strain  curve  became  non-linear: 

this  gave  a  value  of  (a  )  of  approximately  590  MPa.  Earlier  work^  on  graphite- 

m  u 

borosilicate  composites  showed  that  (ff  )u  for  a  40  volume  %  composite  was  typically 

200  MPa.  When  these  values  are  employed  in  Equation  (3.1)  with  the  measured 

microcrack  spacings  they  yield  values  of  the  fibre-matrix  bond  strength  of  5  MPa 

for  the  borosilicate  glass  composite  and  25  MPa  for  the  LAS  composite.  The  values 

of  (o  )  used  in  these  calculations  are  very  uncertain  and  an  alternative  is  to 
n  u 

make  an  estimate  based  on  a  similar,  typical,  guessed  value  of  matrix  strength  for 
each  material.  Assuming  values  of  for  both  of  200  MPa  yields  values  of  t  of 

5  MPa  for  the  borosilicate  composite  and  9  MPa  for  the  LAS. 
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In  each  case,  although  there  is  uncertainty  in  the  absolute  values,  the 
relative  order  of  the  values  is  unchanged  with  the  borosilicate  glass  composite 
having  a  substantially  lower  fiber-matrix  bond  strength  than  the  LAS  composite, 
contrast  the  interlaminar  shear  stresses  for  these  materials  were  30  MPa  for  the 
borosilicate  and  7  MPa  for  the  LAS  composites  respectively. 


In 
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4.  DISCUSSION 


This  programme  of  work  set  out  to  address  several  main  questions: 

(i)  Under  combined  conditions  of  impact  and  superimposed  tensile  stress,  how 
well  do  ceramic  matrix  composites  perform? 

(ii)  What  is  the  effect  on  impact  behaviour  of  varying  the  properties  of  a 

ceramic  matrix  composite,  in  particular:  toughness  as  controlled  by  the 
fiber-matrix  bond;  and  matrix  ductility  as  controlled  by  temperature? 

(iii)  What  is  the  effect  of  impactor  velocity? 

(iv)  Do  the  techniques  described  here  provide  a  useful  approach  to  comparing 
and  qualifying  materials  for  service  applications? 

The  complete  programme  described  here  lasted  one  year  with  most  of  the  data, 
necessarily,  being  generated  towards  the  end  of  the  programme.  A  considerable 
amount  of  information  has  been  generated  in  a  relatively  short  time  and  the  full 
implications  of  all  the  data,  particularly  with  respect  to  question  (iv),  are  still 
uncertain.  In  parallel  with  the  programme  described  here,  a  separate  in-house 
programme  of  research  on  polymer  composites  and  other  materials  has  been 
undertaken.  The  results  of  that  are  described  elsewhere and  reference  to  those 
results  are  made  in  this  discussion  where  they  help  clarify  some  of  the  issues: 
that  programme  is  still  continuing  and  some  of  the  conclusions  given  here  should  be 
regarded  as  tentative. 

Figure  44  shows  the  room  temperature,  energy  vs.  applied  stress,  impact 
fracture  map  for  the  glass  and  glass-ceramic  composite  systems.  At  high  impact 
energies  the  borosilicate  glass  system  is  superior  to  the  LAS  glass-ceramic  system, 
being  able  to  sustain  higher  impact  energy  and/or  applied  stress  before  total 
fracture.  At  low  impact  energies,  approximately  2.5J  in  the  experiments  reported 
here,  the  LAS  glass-  ceramic  system  was  superior.  The  reasons  for  this  transition 
in  behaviour  are  not  understood  at  present  but  there  are  strong  indications  that 
the  transition  occurs  also  in  the  morphology  of  fracture  of  the  two  systems. 

Figures  23  through  34  showed  that  at  low  impact  energy  the  borosilicate  glass 


system  exhibited  an  almost  planar  fracture.  As  impact  energy  was  increased  the 
fracture  became  more  delocalized  with  much  splitting  and  splintering  and  the 
development  of  fibrous  features,  to  produce  a  final  appearance  which  intuitively 
seemed  tougher  than  the  more  brittle  planar  fracture. 

Further  research  is  needed  to  determine  the  reasons  for  this  change  in 

behaviour.  A  possible  hypothesis  is  that  the  two  different  systems  possessed 

different  strain-rate  sensitivities.  It  is,  perhaps,  not  intuitively  obvious  that 

brittle  matrix  systems  could  possess  a  strain-rate  sensitivity,  but  early  work  on 

(4) 

carbon  fiber  reinforced  glass  systems  demonstrated  that  this  could  occur  .  In 
the  present  experiments  the  velocity  of  the  impictor,  and  thus  strain-rate, 
increased  as  impact  energy  increased.  Figures  35  and  36  compare  maximum  recorded 
force  as  a  function  of  impact  velocity.  For  the  borosilicate  glass  system. 

Figure  36,  the  variation  of  the  recorded  force  over  the  impact/indentation 
strain-rate  range  is  of  the  same  order  as  the  experimental  scatter,  and  is  almost  a 
constant  value.  However,  with  the  LAS  glass-ceramic  system,  the  force  is  constant 
up  to  an  impact  of  1.96  ms  1  (3J),  but  apparently  increases  in  value  after  this 
point,  Figure  35.  Again,  the  large  variation  in  the  experimental  results  may  be 
misleading,  considering  the  damage  induced  into  the  materials  appears  consistent 
over  the  test  range.  Thus  the  small  change  in  recorded  maximum  force  over  the 
range  of  impact  velocities  suggests  that  strain-rate  behavior  is  not  a  major 
problem. 

If  the  effect  shown  here  is  reproducible  and  applies  to  other  ceramic 
composite  systems,  it  shows  that  care  must  be  taken  in  selecting  a  material  on  the 
basis  of  a  simple,  unstressed,  impact  test.  The  borosilicate  glass  system  would 
appear  superior  in  such  a  test  but  in  a  practical,  operational  situation,  where  the 
component  is  under  stress  at  impact  the  glass-ceramic  system  would  be  superior. 

Figure  45  shows  an  impact  fracture  map  for  the  glass  and  glass-  ceramic  matrix 
composite  systems,  together  with  boundaries  obtained  for  graphite  fiber  epoxy  and 
polymethylmethacrylate  ("Perspex/Plexiglas")  from  Reference  20.  The  data  should  be 
compared  with  caution  because  of  the  different  thicknesses  and  other  geometrical 
differences  of  the  different  specimens;  however,  it  is  clear  that  the  glass  and 
glass-ceramic  composites  are  considerably  inferior  to  the  high  performance  epoxy 
composites.  This  could  be  a  reflection  of  their  poorer  static  mechanical 
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properties.  The  flexural  and  interlaminar  sheai  strengths  of  the  unidirectional 
T300/914C  graphite-epoxy  system  are  respectively  1520  MPa  and  100  MPa,  which  are 
much  higher  than  those  of  the  glass/glass-ceramic  systems  given  in  Table  3.  It 
would  be  interesting  to  compare  glass/glass-ceramic  composite  systems  with  epoxy 
composite  systems  of  similar  static  strengths  to  determine  whether  the  toughness  of 
the  matrix  is  an  important  factor  -  the  toughness  of  epoxy  resins  is  between 
factors  of  ten  and  a  hundred  greater  than  inorganic  glasses. 

The  variation  of  maximum  recorded  force  with  applied  stress  for  a  range  of 
impact  energies  is  shown  in  Figures  46  and  47.  In  the  case  of  th  LAS  glass-ceramic 
material,  Figure  46,  it  can  be  seen  that  two  distinct  clusters  are  formed,  i.e.  the 
impacts  at  2  and  3J  and  at  4  and  5J.  An  important  thing  to  note  is  the  almost 
constant  maximum  force  recorded  for  impacts  of  2J  over  a  large  span  of  applied 
stresses.  This  suggests  similar  behavior  is  exhibited  by  the  specimens  at  the 
various  applied  stresses.  As  mentioned  previously  (and  see  Figure  35)  the  apparent 
increase  in  recorded  force  above  1.961  ms  *  (3J),  i.e.  for  specimens  subjected  to 
the  least  applied  stresses,  may  be  misleading  due  to  experimental  scatter.  In 
general,  the  maximum  recorded  force  obtained  from  a  specimen  that  has  completely 
fractured  is  less  than  that  obtained  from  a  non-fractured  specimen.  This  may  be 
due  to  the  reduced  affect  of  the  bending  stress  component,  and  hence  a  reduction  in 
the  force  required  to  produce  it,  with  the  increased  applied  static  tensile  stress 
necessary  to  result  in  material  fracture  during  an  impact  event. 

For  the  borosilicate  glass  system,  the  maximum  recorded  force  shows  a  wide 
variation,  but  is  almost  constant  over  the  range  of  applied  stresses,  especially 
for  the  non-fractured  specimens.  This  is  also  shown  in  Figure  36.  As  with  the  LAS 
glass-ceramic,  the  maximum  recorded  force  obtained  from  a  fractured  specimen  is 
less  than  for  a  non-fractured  specimen. 

It  should  be  noted  that  the  glass  and  glass-ceramic  composite  systems 
manufactured  in  this  programme  did  not  have  the  properties,  relative  to  one 
another,  anticipated  from  earlier  work.  Table  7  shows  the  properties  of  0° 

(4) 

borosilicate  glass  and  LAS  glass-ceramic  composites  published  some  years  ago 
The  glass-ceramic  was  a  different  system  than  that  used  in  the  present  programme. 

It  was  shown  in  the  earlier  work  that  the  different  coefficients  of  thermal 
expansion  and  softening  temperatures  of  the  matrix  materials  resulted  in 
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differences  in  the  relative  radial  shrinkage  of  fiber  and  matrix.  This  produced  a 
different  fiber-matrix  bond  strength  reflected  in  differences  in  inter-  laminar 
shear  strength  and  toughness,  as  measured  by  a  work  of  fracture  test. 

Table  8  compares  works  of  fracture,  interlaminar  shear  strengths  and 
fiber-matrix  bond  strengths  of  the  borosilicate  glass  and  glass-  ceramic  systems 
manufactured  for  this  programme.  On  the  basis  of  simple  theory,  for  two  composites 
with  different  fiber-matrix  bond  strengths  it  would  be  expected  that  the  composite 
with  the  higher  bond  strength  would  have  the  higher  interlaminar  shear  strength  and 
the  lower  work  of  fracturev  .  Table  8  shows  that  this  simple  relationship  does 
not  hold  for  these  materials. 

In  Table  8  the  fiber-matrix  bond  strength  is  the  most  basic  property. 

However,  the  estimates  given  in  the  table  have  a  great  deal  of  uncertainty  for  the 
reasons  described  in  Section  3.7  and  because  of  the  inhomogeneity  of  the  material. 
The  values  were  estimated  from  the  microcrack  spacing^^  and  in  practice  the 
microcrack  spacing  was  measured  in  matrix-rich  regions.  Consequently  the  absolute 
values  may  be  in  error.  However,  the  relative  values  will  be  less  in  error  because 
similar  matrix-rich  regions  with  similar,  effective,  fiber  volume  fractions  were 
used.  The  relative  values  of  work  of  fracture  of  the  two  systems  thus  agree  with 
the  relative  values  of  fiber-matrix  bond  strengths.  There  is,  however,  complete 
disagreement  between  the  relative  values  of  interlaminar  shear  strength  and  those 
of  work  of  fracture  and  fiber-matrix  bond  strength.  It  is  unclear  why  this  is  so 
and  further  research  is  required.  It  may  be  that  the  explanation  lies  in  a  lack  of 
optimisation  of  the  materials  and  certainly  further  optimization  is  required  to 
improve  the  homogeneity  of  the  distribution  of  fibers  in  the  matrix. 

The  increase  in  damage  at  equivalent  impact  energies  on  increasing 
temperature,  and  the  increasing  amount  of  delamination  which  occurs,  is 
disconcerting.  It  is  unclear  why  this  occurs,  especially  as  it  begins  at 
temperatures  sufficiently  low  for  matrix  ductility  not  to  be  important.  The 
delamination  suggests  that  interply  thermal  mismatch  strains  become  more  important 
as  temperature  increases,  but  this  is  unlikely  to  be  a  correct  interpretation  as 
the  mismatch  strains  produced  during  fabrication  should  decrease  as  temperature 
rises.  Whatever  the  reason  this  is  clearly  a  very  important  practical  effect  and 
needs  further  research  to  clarify  the  issues. 


The  slow  fracture  test  is  useful  in  providing  an  insight  into  the  way  damage 
develops  during  an  impact  test:  a  comparison  of  the  slow  fracture  test,  falling 
weight  impact  and  ballistic  impact  provides  a  clear  picture  of  the  way  the 
morphology  of  fracture  changes  as  velocity  of  impact  increases.  The  qualitative, 
visual  observations  reported  here  provide  a  starting  point  for  beginning  to 
understand  in  more  quantitative  detail  the  important  stages  in  fracture  of  ceramic 
composites.  Further  observations  of  this  type  could  provide  helpful  guidance  in 
the  development  of  materials  with  improved  damage  tolerance,  as  has  been  the  case 
for  polymer  composites  where  it  has  been  shown  that  ply  stacking  sequence  has  a 

f  Q  Q  \ 

prominent  role  in  controlling  toughness  and  damage  tolerance''  *  . 

With  regard  to  the  ballistic  testing,  it  should  be  noted  that  graphite-epoxy 
composites  impacted  under  similar  conditions  did  not  exhibit  the  complete 
projectile  penetration  of  the  glass  and  glass-ceramic  composites  but  exhibited 
instead  considerable  amounts  of  delamination  within  the  specimen  and  cracking  in 
the  90°  plies .  This  may  be  due  to  the  superior  strength  of  the 
graphite-epoxy . 

In  the  ballistic  impact  tests,  specimens  were  impacted  at  velocities  of  70  to 
140  ms  * ,  i.e.  two  orders  of  magnitude  greater  than  in  the  instrumented  impact 
tests.  At  these  high  velocities,  total  projectile  penetration  occurred.  No 
delamination  or  cracking  in  the  90°  plies  was  visible  along  the  specimen  edges,  as 
apparent  in  the  photographs  of  ballistically  impacted  specimens.  Figures  41  and  42. 
It  is  noticeable  that  at  the  lower  velocities,  a  greater  area  of  damage  is  created 
in  the  bottom  two  or  three  plies  around  the  underside  of  the  penetration  hole.  The 
high  velocity  of  the  projectile  in  the  ballistic  impact  work  inhibits  energy 
absorption  mechanisms  such  as  delamination  and  fiber  pull-out.  Decreasing  the 
impact  velocity  causes  the  impact  energy  to  be  dissipated  increasingly  further 
outwards  from  the  point  of  impact,  with  more  widespread  damage. 

This  phenomenon  has  been  observed  with  ballistically  impacted  boron/aluminium 
(21  22) 

composites  *  .  Both  these  papers  show  that  for  unstressed  material,  increasing 

the  impact  velocity  decreases  the  post  impact  residual  strength  of  the  composite. 

In  this  case,  to  50%  of  the  original  strength.  This  is  also  accompanied  by  a 

transition  in  the  damage  morphology,  changing  from  material  cracking  and 

(21) 

delamination  to  complete  projectile  perforation.  Carlisle  et  al 


showed  that  there  were  three  distinctive  types  of  damage  induced  into  stressed 
boron/alunimium  material  under  ballistic  impact  conditions.  Up  to  a  certain 
impact  velocity,  specimen  damage  occurred,  gradually  decreasing  the  material's 
residual  strength  with  increasing  velocity,  see  Figure  48.  Beyond  this  first 
critical  velocity,  a  region  is  entered  where  the  impact  alone  is  sufficient  to 
result  in  complete  material  fracture.  In  both  these  regions,  the  initiation  and 
propagation  of  a  widespread  macroscopic  cracking  is  probable.  At  the  second 
critical  transition  velocity,  complete  projectile  penetration  is  encountered.  As 
the  velocity  increases  still  further,  the  damage  due  to  the  impact  becomes  less 
widespread.  A  theoretical  limit  is  reached  where  the  end  result  is  a  round  hole. 
The  energy  to  produce  this  ideal  through  thickness  hole  is 

n  *  t  d 

where  Z  is  the  through  thickness  fracture  energy,  d  the  diameter  of  the  projectile, 
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and  t  is  the  specimen  thickness  .  The  type  of  damage  sustained  by  the  ceramic 
matrix  composites  tested  in  this  programme  suggests  an  impact  velocity  on  the 
extreme  right  of  the  non-stressed  material  curve. 

It  is  interesting  to  compare  the  same  material  impacted  with  similar  impact 
energies  but  large  differences  in  impact  velocities.  An  example  is  LAS3-16 
(Figure  19)  and  LAS2-08  (Figure  41) ,  both  impacted  with  roughly  4J  but  at 
velocities  of  2.26  ms  *  and  100  ms  *  respectively.  Specimen  LAS2-08  has  suffered  a 
projectile  penetration  while  LAS3-16  shows  signs  of  a  large  delamination  region  on 
the  undersurface,  from  which  the  development  and  propagation  of  a  transverse  crack 
is  the  likely  next  step.  These  two  distinctly  different  damage  morphologies  make 
direct  comparisons  of  similar  impact  energies  but  highly  differing  impact 
velocities  suspect.  This  suggests  that  the  material  behaves  differently  when 
impacted  below  approximately  5  ms  *  and  above  50  ms  Below  the  former  limit,  the 
material  can  be  envisaged  as  behaving  in  quasi-static  equilibrium,  i.e.  tup 
penetration  is  limited  and  simple  elastic  beam  theory  can  be  applied.  The 
transition  to  complete  projectile  penetration  as  the  main  material  damage  suggests 
a  difference  in  material  response  to  the  impact  event.  The  increased  momentum  of 
the  ballistic  impact  probably  reduces  the  elastic  response  of  the  whole  specimen 
(essential  a  beam  built-in  at  both  ends),  with  the  majority  of  the  impact  energy 
being  absorbed  in  a  highly  localised  region.  This  leads  to  highly  localised 


deformation  and  damage,  finally  permitting  total  projectile  penetration  given  that 
the  impact  is  sufficient  to  do  so. 

Thus,  impact  velocity  does  play  a  significant  role  in  impact  induced  damage, 
especially  if  compared  over  a  very  wide  range. 

Comparisons  of  the  two  ceramic  matrix  composites  with  graphite-epoxy  impacted 

under  similar  conditions  shows  that  with  the  graphite-epoxy,  complete  projectile 

penetration  was  not  achieved  even  at  140  ms  Considerable  amounts  of 

delamination  within  these  materials  and  cracking  parallel  to  the  fibres  in  both  the 

0°  and  90°  plies  was  observed.  The  damage  sustained  would  probably  place  a 

graphite-epoxy  (0°,90°)._  composite  impacted  at  140  ms  1  in  the  middle  portion  of 

(23  24  25  26) 

the  curve  for  unstressed  material  shown  in  Figure  46.  Many  papers'*  *  ’  ’ 

have  studied  the  impact  of  CFRP  from  10  ms  *  upwards.  Widespread  delamination 
within  these  materials  has  been  shown  to  be  a  major  energy  absorbing  mechanism. 

The  greater  the  number  of  interfaces  between  plies,  i.e.  increasing  the  number  of 
sites  for  the  energy  absorbing  delaminations,  inhibits  the  spread  of  damage  within 
the  composite . 

Many  features  of  the  combined  stress/impact  test  technique  have  not  been 
considered  here.  In  particular  the  report  has  not  addressed  in  any  detail: 
geometrical  problems;  the  influence  of  the  applied  tensile  load  on  the  peak  force 
recorded  by  the  impactor;  nor  the  variations  of  energy  absorbed  by  the  impactor 
under  conditions  of  impact  energy  and  applied  stress  beyond  the  critical  conditions 
required  for  fracture,  i.e.  away  from  the  fracture  boundary  of  the  impact  fracture 
map.  Further,  in  the  impact  maps  presented  here,  the  boundaries  represent  the 
transition  between  the  condition  of  some  residual  strength  and  zero  residual 
strength.  In  practice  this  may  be  too  severe  a  criterion  and  a  more  conservative 
I  criterion  may  be  more  realistic:  for  example,  a  boundary  denoting  some 

design-acceptable  value  of  residual  strength  such  as  50%  of  the  undamaged  strength. 
These  aspects  will  be  considered  in  more  detail  in  the  report  on  in-house  work  on 
graphite-epoxy  composites  and  other  materials^^ . 

I 
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5. 


CONCLUSIONS 


(1)  Impact  tests  carried  out  on  materials  under  superimposed  tensile  stresses 
enable  impact  maps  to  be  constructed.  Boundaries  on  these  maps  enable  comparisons 
of  the  behaviour  of  a  material  under  different  operating  conditions,  and  of  the 
behaviour  of  different  materials.  Impact  maps  are  therefore  a  useful  way  of 
comparing  the  toughness  of  composites  and  other  materials. 

(2)  Cross-plied  laminates,  (0°,90°)2g,  of  graphite  fiber-borosilicate  glass  were 
superior  to  those  of  graphite  fibre-LAS  glass-ceramic  at  impact  energies  greater 
than  approximately  2.5J  but  inferior  below  2.5J,  under  total  failure  conditions. 

On  an  impact  map  this  is  shown  by  the  fractured/unfractured  boundaries  of  the  two 
materials  intersecting. 

(3)  These  differences  in  behavior  were  reflected  in  differences  in  fracture 
morphology. 

(4)  At  elevated  temperatures,  in  the  range  400°C  to  650°C,  the  impact  behavior 
of  the  borosilicate  glass  composite  was  considerably  inferior  to  the  room 
temperature  behavior.  This  cannot  be  attributed  entirely  to  softening  of  the 
matrix  as  the  borosilicate  glass  does  not  soften  until  580°C.  Specimens  impacted 
at  elevated  temperatures  displayed  much  more  delamination  than  after  room 
temperature  impacts. 

(5)  Under  ballistic  impact  conditions  the  two  ceramic  composites  exhibited 
rather  similar  fracture  morphologies,  while  under  the  slower  velocity  conditions  of 
a  falling  weight  impact  test  more  significant  differences  between  the  two  materials 
were  apparent. 

(6)  The  impact  behavior  of  the  ceramic  composites  was  inferior  to  that  of 
graphite-epoxy  composites. 

(7)  An  estimate  of  the  fiber-matrix  bond  strength  of  these  materials  is  possible 
from  measurements  of  matrix  microcracking.  Estimates  of  the  fiber-matrix  bond 
strength,  measured  values  of  work  of  fracture,  and  measured  values  of  interlaminar 
shear  strength,  do  not  relate  to  each  other  in  the  way  expected  from  simple  theory. 
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6. 


RECOMMENDATIONS 


This  work  has  demonstrated  a  useful  practical  approach  to  characterizing  the 
toughness  of  composite  materials.  In  a  relatively  short  time  a  considerable  amount 
of  data  and  some  new  concepts  have  been  generated.  The  techniques  described  here 
are  sufficiently  promising  to  require  further  work.  In  particular: 

(1)  Impact  maps  derived  from  impact  tests  carried  out  under  superimposed 
tensile  stress  are  a  useful  way  of  comparing  the  behaviour  of  different 
ma^rials .  The  zero  residual  strength  criterion  employed  in  the  current 
work  may  be  too  severe  for  many  practical  applications.  An  investigation 
of  a  less  severe  criterion  should  be  carried  out,  for  example,  a  residual 
strength  of  50%  of  the  undamaged  strength. 

(2)  Further  work  is  necessary  to  understand  the  effects  of  specimen  geometry 
and  end  constraints  in  order  to  be  able  to  extrapolate  to  practical 
situations,  so  that  the  technique  can  become  more  than  a  materials- 
comparison  test. 

(3)  Graphite  fiber  reinforced  glass  and  glass-ceramic  systems  are  useful  for 
modelling  the  behavior  of  higher  temperature  systems  because  they  can  be 
produced  with  different  fiber-matrix  bond  strengths  (t^).  Further  work 
is  necessary  to  understand  the  relationship  between  ,  interlaminar 
shear  strength  and  toughness-related  properties. 

(4)  Impact  maps  should  be  derived  for  other,  more  practical,  ceramic  matrix 
composites  such  as  SiC/LAS  and  compared  with  those  of  more  conventional 
materials . 

(5)  Impact  maps  are  useful  too  for  polymer  composites  such  as  graphite-epoxy 
and  should  be  derived  for  these  systems . 

(6)  Further  work  is  necessary  to  understand  the  micromechanics  of  damage 
development  in  ceramic  matrix  composites  under  impact.  The  slow  fracture 
technique  described  in  this  report  is  a  useful  method  of  studying  damage 
development . 
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Table  1 


Hot  pressing  optimization  matrix  for  aligned  graphite  fiber/ 
borosillcate  glass  composite 


Loading 

Temp. 

(°C) 

Consolidation 

_ 

Unloading 

Temp. 

(°C) 

Density 
(g  cm-3) 

Mean 

Strength 

(MPa) 

WoF* 

(kJm-2) 

Temp. 

°C 

Pressure 

(MPa) 

Time 
(min. ) 

500 

930 

10 

5 

930 

184 

930 

930 

10 

5 

930 

1.90 

213 

1.2 

500 

1030 

10 

5 

400 

2.02 

165 

1.2 

1030 

1030 

10 

5 

1030 

1.95 

186 

1.4 

930 

930 

10 

5 

930 

1.96 

410 

10.1 

935 

935 

10 

7 

935 

1.75 

234 

930 

930 

10 

7 

930 

1025 

1025 

10 

7 

1025 

1.80 

396 

930 

930 

10 

7 

930 

1.90 

540 

930 

930 

10 

7 

930 

540 

1025 

1025 

10 

7 

1025 

2.00 

380 

850 

850 

10 

7 

850 

2.05 

752 

825 

825 

10 

7 

825 

1.97 

736 

15 

800 

800 

10 

7 

800 

1.97 

760 

775 

775 

10 

7 

775 

1.86 

650 

850 

850 

10 

7 

850 

1.91 

840 

17 

850 

850 

15 

7 

850 

1.85 

864 

850 

850 

5 

7 

850 

1.86 

813 

850 

850 

12 

7 

850 

1.87 

840 

20 

850 

850 

12 

7 

400 

1.91 

922 

23 

850 

850 

12 

2 

400 

1.90 

840 

20 

850 

850 

12 

60 

400 

1.97 

775 

850 

850 

12 

15 

400 

786 

850 

850 

12 

15 

400 

2.00 

820 

850 

850 

12 

7 

400 

2.01 

894 

22 

850 

850 

12 

7 

400 

2.00 

902 

24 

850 

850 

12 

7 

400 

1.99 

. 

889 

23 

*  Work  of  fracture. 
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Table  2 


Hot-pressing  and  ceraainq  optimization  matrix  for  aligned 
graph i te/ 1 ithiua  aluminosilicate  composite 


Consol idation 

Ceraafng 

M 

Dens i ty 
g  ca'3 

Mean 

Flexural 

Strength 

MPa 

WoF* 
kJ  a"2 

Teap 

•c 

Pressure 

MPa 

Tiae 

Min. 

Teap. 

•c 

Pressure 

MPa 

Tiae 

Min. 

600 

12 

1 

- 

- 

- 

400 

2.0 

390 

9 

900 

12 

1 

Soae 

ceraaing 

900 

1.9 

99 

Delaminated 

1000 

12 

7 

- 

- 

- 

Ceraaed  prior  to  consolidation 

did  not 

consol  idat< 

>  m 

1200 

12 

7 

- 

- 

- 

500 

1.8 

125 

Delaminated 

1250 

12 

7 

- 

- 

- 

500 

2.1 

685 

1275 

12 

7 

- 

- 

- 

500 

2.0 

770 

8 

1300 

12 

7 

- 

- 

- 

500 

2.2 

830 

2.5 

000 

12 

1 

1200 

12 

10 

900 

2.0 

909 

6 

850 

12 

1 

1200 

0 

10 

850 

1.7 

220 

9 

1275 

12 

7 

- 

- 

- 

500 

2.1+ 

600± 

8+2 

0.1 

100 

*  Work  of  fracture. 
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Table  3 


Table  5 


Data  froa  Instrumented  iapact  tests  on  the  LAS  glass-ceramic 

coapos i te 


Speciaen 

Number 

Width 

(■a) 

Thickness 

(aa) 

C.S.A. I1* 
(•■2) 

Appl ied 
Load 
(kN) 

Appl ied 
Stress 

(MPa) 

Iapact 
Energy *2* 
(J) 

Iapact 

Velocity 

(■s'1) 

Maxima 

Force*3* 

(N) 

Total 
Energy* 41  * 
(J) 

Coaaents 

LAS 1-04 

24.73 

mm 

42.54 

B9 

10.0 

2 

1.601 

345 

BSS 

LAS 1-05 

24.69 

BBS 

41.48 

BS 

20.0 

2 

1.601 

355 

LASS-28 

24.51 

wEm 

41.67 

MEM 

20.0 

2 

1.601 

365 

2.00 

i 

LAS6-31 

24.78 

WSSm 

40.14 

■xs 

25.0 

2 

1.601 

435 

2.00 

LASS-32 

24.42 

|B 

42.00 

1.16 

27.5 

2 

1.601 

400 

2.00 

LAS1-06 

24.76 

42.34 

1.27 

30.0 

2 

1.601 

370 

2.00 

LAS6-33 

24.77 

Warn 

42.11 

1.26 

30.0 

2 

1.601 

405 

2.00 

LAS7-34 

24.84 

na 

40.74 

1.43 

35.0 

2 

1.601 

400 

2.00 

LAS7-35 

24.74 

■SB 

36.86 

1.47 

40.0 

2 

1.601 

390 

2.00 

* 

LAS7-36 

24.79 

MEm 

41.65 

1.87 

45.0 

2 

1.601 

395 

2.00 

LAS7-37 

24.84 

1.60 

39.74 

1.89 

47.5 

2 

1.601 

230 

Fractured 

LAS7-39 

24.78 

1.63 

40.39 

0.61 

15.0 

3 

1.961 

330 

3.00 

LAS7-38 

24.65 

1.54 

37.96 

0.66 

17.5 

3 

1.961 

295 

“ 

Fractured 

LAS3-13 

24.62 

1.87 

46.04 

0.00 

wm 

4 

2.265 

620 

4.00 

LAS3-16 

24.61 

54.88 

0.00 

sEB 

4 

2.265 

715 

4.00 

LAS3-18 

24.85 

57.16 

0.29 

t5fl 

4 

2.265 

690 

4.00 

LAS4-20 

24.72 

2.34 

57.84 

0.43 

7.5 

4 

2.265 

- 

Fractured 

LAS1-02 

24.71 

1.38 

34.10 

0.34 

10.0 

4 

2.265 

1.33 

Fractured 

LAS3-14 

24.82 

1.91 

47.41 

0.47 

10.0 

4 

2.265 

1.63 

Fractured 

LAS1-01 

24.38 

1.46 

35.59 

0.71 

20.0 

4 

2.265 

400 

“ 

Fractured 

LAS4-21 

24.75 

2.18 

53.96 

0.00 

5 

2.532 

650 

5.00 

LAS5-29 

24.78 

2.00 

49.56 

0.12 

5 

2.532 

620 

5.00 

(D 

(2) 

(3) 

(«•) 


C.S.A.  =  Cross-sectional  area. 

Initial  potential  energy  of  fapactor. 

Maxima  force  recorded  by  the  instruaented  tup. 

Total  energy  recorded  during  the  iapact  by  the  instruaented  tup. 


36 


Spec i men 
Number 

Width 

(mm) 

Thickness 

(mm) 

C.S.A.11* 

(■■2) 

Appl ied 

Load 

(kN) 

Appl ied 

Stress 

(MPa) 

Impact 

(21 

Energy'  ' 
(J) 

Impact 

Velocity 

(ms*1) 

Max i mum 
Force^3* 

(N) 

Comments 

BOR5-25 

24.80 

2.40 

59.52 

■SI 

mm 

1 

wgm 

505 

1.00 

BOR5-27 

24.65 

2.43 

59.90 

mm 

wStm- 

1 

IBB 

630 

1.00 

BOR5-30 

24.82 

2.40 

59.57 

3.87 

m 

1 

1.132 

470 

“ 

Fractured 

(Just!  ) 

BOR5-29 

24.85 

2.43 

60.39 

1 

1.132 

695 

0.79 

Fractured 

BOR5-28 

24.87 

2.36 

5J.69 

■n 

B3f 

1 

1.132 

480 

0.36 

Fractured 

B0R4-19 

24.80 

2.60 

64.48 

1.61 

25.0 

2 

1.601 

325 

2.00 

BOR4-21 

24.70 

2.72 

67.18 

1.85 

27.5 

2 

1.601 

425 

2.00 

BOR4-20 

24.79 

2.64 

65.45 

1.96 

30.0 

2 

1.601 

350 

- 

Fractured 

BOR4-22 

24.87 

2.53 

62.92 

2.20 

35.0 

2 

1.601 

300 

0.53 

Fractured 

BOR3-17 

24.51 

2.50 

61.62 

1.23 

20.0 

4 

2.265 

540 

4.00 

BOR3-18 

24.78 

2.46 

60.96 

1  .37 

22.5 

4 

2.265 

360 

- 

Fractured 

BOR2-12 

24.82 

2.31 

57.33 

0.86 

15.0 

6 

2.774 

575 

6.00 

BOR3-15 

24.50 

2.48 

60.76 

1.06 

17.5 

6 

2.774 

380 

3.4B 

Fractured 

BOR3-16 

24,73 

2.50 

61  .83 

1.08 

17.5 

6 

2.774 

255 

1.63 

Fractured 

B0R3-14 

24.72 

2.35 

58.09 

1.16 

20.0 

6 

2.774 

400 

1.40 

Fractured 

B0R2-07 

24.87 

2.13 

54.22 

0.00 

0.0 

8 

3.203 

560 

8.00 

BOR2-09 

24.86 

2.13 

52.95 

0.53 

10.0 

8 

3.203 

600 

8.00 

BOR2-11 

24.82 

2.33 

57.83 

0.72 

12.5 

8 

3.203 

480 

- 

Fractured 

BOR8-46 

24.80 

2.07 

51.34 

0.64 

12.5 

8 

3.203 

600 

- 

Fractured 

BOR2-10 

24.86 

2.38 

59.17 

0.89 

15.0 

8 

3.203 

615 

- 

Fractured 

BOR4-23 

24.63 

2.70 

66.50 

0.00 

0.0 

9 

3.397 

400 

- 

Fractured 

BOR12-65 

24.67 

2.48 

61.18 

1.53 

25.0 

2 

1.601 

925 

2.00 

BOR12-64 

24.52 

2.45 

60.07 

1.80 

30.0 

2 

1 .601 

450 

2.00 

B0R11-61 

24.63 

2.22 

54.68 

0.82 

15.0 

6 

2.774 

465 

6.00 

BOR11-62 

24.64 

2.24 

55.19 

1.10 

20.0 

6 

2.774 

620 

6.00 

BOR11-63 

24.45 

2.21 

54.03 

1.35 

25.0 

6 

2.774 

360 

- 

Fractured 

BOR12-66 

24.64 

2.47 

60.86 

0.76 

12.5 

8 

3.203 

650 

8.00 

C.S.A.  =  Cross-sectional  area. 

^2*  Initial  potential  energy  of  fmpactor. 

*3*  Maximum  force  recorded  by  the  instrumented  tup. 

ill  \ 

'  ’  Total  energy  recorded  during  the  impact  by  the  instrumented  tup. 
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Table  7 


Mechanical  properties  and  aicrostructural  details  of  unidirectional  coaposites 
■ade  froa  two  different  types  of  carbon  fiber  in  borosilicate  glass*8^ 
and  lithiua  alualnosil (cate  qlass-ceraaic^ 
taken  froa  References  1  and  4 


Microstructural  details  ( 

Vo) 

Mean  Strength  (MPa) 

Mean  Work 

of  Fracture 
(kJ/a2) 

ns  ucr i0i 

Voluae  of 

Fiber 

vf 

Voluae  of 
Matrix 

V. 

Voluae  of 
Open 
Porosity 

Vop 

Voluae  of 

Closed 

Porosity 

Vcp 

Bend 

Strength 

lnterlaainar 

Shear 

Strength 

Borosilicate  glass 
and  high  Modulus 
fiber 

45.9 

52.4 

0.6 

1.1 

459 

59 

3.1 

Borosilicate  glass 
and  high  strength 
fiber 

48.9 

46.0 

0.3 

4.9 

575 

71 

3.6 

Class-ceraaic  and 
high  Modulus  fiber 

49.5 

41.6 

7.3 

1.6 

588 

32 

4.5 

Glass-ceraaic  and 
high  strength  fiber 

45.7 

40.7 

4.7 

9.0 

574 

26 

10.3 

Borosilicate  glass:  At  =  5Q0°C,  a  s  3.5  x  10~6*C-1. 
Class-ceraaic:  At  =  1000°C,  a=  2.0  x  10_6,C_1. 
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Table  8 


NOMINAL  BREAKING  STRESS  AFTER  IMPACT 


on  a  CFRP 


tensile  stress  direction 


CoAioa  -t-  LAS 


Schematic  diagram  of  the  impact  equipment. 
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FIGURE  7.  Specimen  configuration 


FIBER  MATERIAL  GRAFIl  H.  M.  CARBON 

MATRIX  MATERIAL  BOROS1UCATE  GLASS 

MATERIAL  LAY-UP  (0.90.0.90)a 

IMP  ACTOR  TYPE  6  mm  CONICAL  IMPACTING  TUP 

IMP  ACTOR  MASS  1 .56  kg 

SPECIMEN  SPAN  50  mm 


IMPACT  NON-FRACTURED  FRACTURED 

ENERGY  (J)  SPECIMEN  SPECIMEN 


El  ■ 

▲  A 

© 


IMPACT  ENERGY  (J) 

FIGURE  9.  Variation  of  tha  FRACTURE/NO  FRACTURE  boundary  over 
a  range  of  impact  energies  and  applied  stresses  for 
the  borosilicate  glass  composite. 
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FIBER  MATERIAL  GRAFIL  H.  U.  CARBON 

MATRIX  MATERIAL  LAS  CLASS-CERAMIC 

MATERIAL  LAY-UP  (0.90.0,90)* 

IMP  ACTOR  TYPE  6  mm  CONICAL  IMPACTING  TUP 

IMPACTOR  MASS  1 .56  kg 

SPECIMEN  SPAN  50  mm 


IMPACT 

NON-FRACTURED 

FRACTURED 

ENERGY  (J) 

SPECIMEN 

SPECIMEN 

2 

▲ 

A 

5 

+ 

+ 

4 

© 

• 

5 

▼ 

▼ 

IMPACT  ENERGY  (J) 


FIGURE  10.  Variation  of  the  FRACTURE/NO  FRACTURE  boundary  over 
a  range  of  impact  energies  and  applied  stresses  for 
the  LAS  glass-ceramic  matrix  composite. 


SPECIMEN  NUMBER  LAS1-05 


MATERIAL  :  FIEEP  Grafll  C*rfccn  Piter 

MATRIX  Lithium  Al'jmlna  Silicate  Glass  -  cerami 
LAY-UP  < 0.oo.0.90)s 


IMPACTOP.  TYPE  6  mm  Conical  Tup 
Has*  of  Impactor  -  i . 56  kg 

Specimen  Span  «  50.00  mm 
Specimen  Width  -  21.69  mm 
Specimen  Thickness  «  1.68  mm 


Impac*'  Energy 
Drop  Height 
Impact  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


2.00  3 
0.12  m 
1 . 60  m/s 
20. 00  MPa 
355-00  N 
2.00  J 


POST  IMPACT  CONDITION  :  - 

1.  Specimen  has  not  fractured. 

2.  An  Impact  crater  is  present  on  the  top  surface.  No  other  visible  damage 

cn  the  top  surface,  le  there  is  no  visible  cracking  parallel  to  fiber 
direction  in  top  0*  ply.  Some  delamination  is  visible  along  one  edge. 

3.  Material  push-through  beneath  the  point  of  impact  has  resulted  in  the 

spallation  of  a  localized  region  of  delaminated  material  on  the  bottom 
O'  ply.  This  is  roughly  square  in  shape,  with  cracking  parallel  and 
perpendicular  to  the  fibers  traversing  and  surrounding  this  delaminated 
region . 


„  400  _ 


-  ’  (1 f* 

•  240  I 

i  :r  / 


)  ,  A r 

uA  \  n  m  /v* 

* 


0  1  0  0  t  A  “  0  "i  J o  “• 


400 

<9 

4  'io  . 


PORCH  VS  Z I Sr LACE^EN" 


2 :::  y>n 


y  24  4:=:  “2 

f*;  i »?  “  - 


SPECIMEN  NUMBER  LAST -3“ 


MATERIAL  :  FIBER.  Grafil  Carbon  Fiber 

MATRIX  Lithium  Alumina  Silicate  Gleee-ceremic 
LAY-UP  (0.90. 0.9C)* 

IMPACTOP.  TYPE  :  -  6  mm  Conicel  Tup 
Mae*  of  Imractor  -  1.56  kg 

Specimen  Span  •  50.00  mm 

Specimen  Width  “  2#.  8#  am 

Specimen  Thlekneee  -  1.6#  mm 


Impact  Energy 
Drop  Height 
impact  velocity 
Applied  Streee 
Max.  Recorded  Force 
Max.  Recorded  Energy 


0.13  m 
1.60  m/a 
35. 00  MPa 
#00.00  N 
2.00  3 


POST  IMPACT  CONDITION  :  - 

1.  Specimen  hae  not  fractured. 

2.  A  smaller  Impact  crater  than  in  LAS1-05  1#  present. 

splitting  parallel  to  fibers  In  the  top  O'  ply  on 
the  impact  mark. 


There  is  limited 
one  side  of 


3. 

a. 


No  delaminetion  visible  at  edges. 
Material  push-through  beneath  the 
spallation  of  a  localised  region 


point  of  impact  has  resulted  in 
of  delaminated  material  on  the 


0*  ply.  This  is  roughly  square  in  shape. 


the 

bottom 


FIGURE  12.  Impact  data  obtained  for  the  LAS  glass-ceramic  specimen  LAS7-3*. 


INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE 
MATRIX 
LAY-UP 

TESTING  CONDITIONS 


CRARL  HKSH  MOOULUS  CARBON 
LAS  GLASS-CERAMIC 
(0.90,0,90)a 

BUILT-IN  ENDS 
6mm  CONICAL  IMPACTING  TUP 
HEIGHT  OF  IMP  ACTOR  -  1.39kg 
SPECIMEN  SPAN  -  SOmm 
IMPACT  ENERGY  -  2J 
■ylPACT  VELOCITY  -  1.601  m/s 


APPUED  STRESS  -  SS.OMPo 
SPECIMEN  NUMBER  :  LAS  7 -34 


APPLIED  STRESS  -  20.0MPO 
SPECIMEN  NUMBER  :  LAST -OS 


Omm  50mm 

I - 1 - 1 - 1 _ i _ I 


FIGURE  13.  Damage  sustained. by  the  LAS  glass-ceramic  composite  specimens  LAS7-34 
and  LAS  1-05  during  an  impact. 
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SPECIMEN  NUMBEP  LAST-36 


MATERIAL  :  TIBER  Orafll  Carbon  Fiber 

MATRIX  Lithium  Alumina  Silicate  Glass-ceramic 
LAY-UP  (0.90.0.90)* 


IMPACTOR  TYPE  : -  6  mm  Conical  Tup 
Mass  of  Impactor  •  1.56  kg 


Spaeiman  Span 
Spacimen  Width 
Spaeiman  Thickness 


50.00  mm 
2« . 79  mm 
1 . 68  mm 


Impact  Energy 

- 

2.00 

J 

Drop  Haight 

• 

0.13 

m 

Impact  Velocity 

- 

1.60 

m/s 

Applied  Stress 

• 

45-00 

MPa 

Max.  Recorded  Force 

• 

395.00 

N 

Max.  Recorded  Energy 

• 

2. 00 

J 

POST  IMPACT  CONDITION  : - 

1.  Spaeiman  has  not  fraeturad. 

2.  Impact  mark  is  vary  shallow.  Splitting  parallal  to  0*  fibers  in  tha  top 

ply  is  prtsant.  A  parpandieular  crack  maandarinc  from  tha  impact  point 
has  raachad  ona  of  tha  edges  and  almost  to  tha  othar. 

3.  Thara  is  no  visibl*  dalaminstion  along  tha  adgas.  A  through  thicknass 

crack  is  prasant  at  tha  adga  at  which  tha  maandarlng  parpandieular 
cracks  on  tha  top  and  bottom  O'  plias  maat. 

4.  Thara  is  lass  matarlal  push-through  than  is  typical  ancountarad  with  tha 

lowar  strassad  matarlal.  This  has  rasultad  in  a  localised  dalaminatad 
ragion.  Tha  maandarlng  parpandieular  crack  on  tha  bottom  O'  ply  crosses 
about  7/8ths  tha  spaeiman  width. 


FIGURE  14.  Impact  data  obtained  for  the  LAS  glass-ceramic  specimen  LAS7-36. 


SPECIMEN  NUMBER  LAS7-3? 


MATERIAL  J  FIBER 
MATRIX 
LAY-UP 


Graft!  Carbon  FI bar 
Lithium  Alumina  Slllcata 
(0.90.0.  90* 


Glass -caramlc 


IMPACTOR  TYPE  : -  6  mm 
Mas*  o f  Impactor 


Conical  Tup 
•  1.56  kg 


Spaelman  Span 
Spaciman  Width 
Spaelman  Thickness 


50.00  mm 
2k. Bh  mm 
1 . 60  mm 


Impact  Energy 
Drop  Haight 
Impact  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


2. 00  J 
0.13  m 
1 . 60  m/s 
<17. 50  MPa 
230.00  N 
--  J 


POST  IMPACT  CONDITION 

1.  Specimen  has  fractured. 

2.  The  Impact  mark  is  small.  Little  or  no  splitting  parallel  to  the  fibers 

Is  visible  the  top  and  bottom  0*  plies. 

3.  Very  little  fiber  pull-out  can  be  seen  along  the  fracture  face.  Little 

delamlnatlon  is  present  In  this  speclsten. 

A.  No  obvious  Impactor  penetration  and  as  a  consequence  there  Is  very  little 
ssteritl  push-through. 

5.  Materiel  fracture  has  occurred  st  the  mid-span  of  the  specimen  and  near 
to  one  of  the  span  ends. 


,  400 

5 

6  71* 

■  240 

f  Iti 
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86  | 
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:  so 
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40 
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400  . 
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T(S.'  ■  10  -4 

24  48  "I  : i* 

V,-  j-*  .  «£*-•* 

FIGURE  15.  Impact  data  obtained  for  the  LAS  glass-ceramic  specimen  LAS7-37. 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE  GRAPH.  HIGH  MODULUS  CARBON 
MATRIX  LAS  GLASS-CERAMIC 
LAY-UP  (0,90.0.90)t 


TESTING  CONDITIONS  :  BUILT-IN  ENDS 

6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1 .56kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  2J 
IMPACT  VELOCITY  -  1.601  m/s 


APPUED  STRESS  -  45.0MPo 
SPECIMEN  NUMBER  :  LAS7-36 


Omm  50mm 

I - 1 - 1 _ i _ i _ I 


FIGURE  16.  Damage  sustained  by  the  LAS  glass-ceramic  composite  specimens  LAS7-37 
and  LAS7-36  during  an  impact. 
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SPECIMEN  NUMBER  LAS3-16 


MATERIAL  :  FIBER  Orafll  Ctrbor.  Fiber 

MATRIX  Lithium  Alumina  Silicate  Glass-ceramic 
LAY-UP  (0, 90, 0. 90)s 


IMPACTOR  TYPE  6 
Maas  of  Impactor 


mm  Conical  Tup 

*  l.;6  kt 


Specimen  Span 
Specimen  width 
Specimen  Thickness 


50.00  mm 
2&.61  mm 
2.23  mm 


Impact  Energy 
Drop  Height 
Impact  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


tl.  00  J 
0.  26  m 
2.26  m/s 
0. 00  MPa 
715.00  N 
3.  oo  j 


POST  IMPACT  CONDITION 

1.  Specimen  has  not 

2.  An  Impact  crater 

visible  damage 


fractured . 

is  present  on  the  top 
on  the  top  surface. 


surface.  There  Is  little  eth«- 


Materlal  push-through  beneath  the  point  of  Impact  has  resulted  lr.  th 
spallation  of  a  localized  region  of  delaminated  material  on  the  bot 
0*  ply.  This  la  area  is  roughly  s«uare  in  shape. 


ENER3V  VS  Tire 


FIGURE  17.  Impact  data  obtained  for  the  IAS  glass-ceramic  specimen  LAS3-16. 
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SPECIMEN  NUMBER  LAS3- I S 


MATERIAL  :  FIBER  Grafil  Carbon  Fiber 

MATRIX  Lithium  Alumina  Silicate  31»n-c«r»mlc 
LAY-UP  (0.90.0.90)* 

IMFACTOR  TYPE  6  mm  Conical  Tup  Impact  Energy  ■  ft. 00  j 

Mas*  of  Impactor  -  1.56  kg  Drop  Haight  -  0.26  m 

Impact  Velocity  -  2.26  m/s 

Specimen  Span  -  50.00  mm  Applied  Stress  -  5-00  MPa 

Specimen  Width  -  2ft. 85  am  Max.  Recorded  Force  -  690.00  N 

Specimen  Thickness  •  2.30  mm  Max.  Recorded  Energy  -  ft. 00 J 

POST  IMPACT  CONDITION  s - 

1.  Specimen  has  not  fractured. 

2.  Even  though  there  is  relatively  little  tup  penetration  (similar  to  that 

in  LAS3-16),  the  impact  has  resulted  in  the  spallation  of  a  plate-like 
region  from  the  under  surface  (again  similar  in  size  to  that  formed  lr. 
specimen  LAS3-16). 

3.  There  is  no  visible  cracking  on  the  top  surface  or  delamination  along 

the  specimen  edges. 


FIGURE  18.  Impact  data  obtained  for  the  LAS  flaas-ceramic  specimen  LAS3-18 


INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS 


FIBRE 

MATRIX 

LAY-UP 


TESTING  CONDITIONS  : 


GRAFIL  HIGH  MODULUS  CARBON 
LAS  CLASS- CERAMIC 
(0a90.0,90)s 

BUILT-IN  ENDS 
6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1.56kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERCY  -  4J 
IMPACT  VELOCITY  -  2.265m/s 


APPLIED  STRESS  -  5.0MPo 


SPECIMEN  NUM8ER  :  LAS3-18 


LAS.  3 -Ik 


APPLIED  STRESS  -  O.OMPo 


I  ■  j- 


SPECIMEN  NUMBER  LASt-20 


MATERIAL 


FIBER  Graf 11  Carbon  Fibar 

MATRIX  Lithium  Alumina  Silicata  Glaaa-Caramic 
LAY-UP  (0,90.0.90)8 


IMPACTOR  TYPE  : -  6  mm  Conical  Tup 
Ma as  of  Impactor  -  1.56  kg 


Spaclman  Span 
Specimen  Width 
Spaclman  Thickness 


50.00  mm 
24.72  mm 
2.34  mm 


Impact  Energy 
Drop  Haight 
Impact  Valoclty 
Appliad  Strati 
Max.  Racordad  Force 
Max.  Racordad  Enargy 


4.00  J 
0.26  m 
2.26  m/s 
7. 50  MPa 
905-00  N 
4.00  J 


POST  IMPACT  CONDITION  :  - 

1.  Spaclman  has  fractured. 

2.  Mora  dalamlnatlon  la  to  ba  aaan  in  this  apaciman  than  in  LAS1-02. 

3.  Fibar  pull-out  la  llmltad.  although  long  "fingers"  of  fibara  are 

praaant  dua  to  cracking  parallel  to  the  fibara  on  the  top  and  bottom 
aurfacea  and  local  dalamlnatlon  at  tha  adjacent  intarfaeea. 

4.  No  obvloua  Impactor  penetration,  and  aa  a  consequence  there  la  very  little 

material  push-through . 

5.  Material  fracture  has  occurred  at  tha  mid-apan  of  the  specimen  and  near 

to  one  of  the  span  ends. 


FIGURE  20.  Impact  data  obtained  for  the  LAS  glass-ceramic  specimen  LAS4-20. 
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SPECIMEN  NUMBER  LAS1-02 


MATERIAL.  :  FIBER  Graf 11  Carbon  FI  bar 

MATRIX  Lithium  Alumina  Silicate  Glaas-Caramlc 
LAY-UP  (0. 90.0.90)* 


IMPACTOR  TYPE  :  -  6  « 
Mass  of  Impactor 


Conical  Tup 
»  1.56  kt 


Spaelmsn  Span  »  50. 00  mm 
Spsclmsn  Width  «  2A.71  mm 
Spselman  Thickness  -  1.38  mm 


Impact  Energy 
Drop  Height 
Impact  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


A  .  00  J 
0.26  m 
2.26  m/a 
10. 00  MPa 
250.00  N 
1.33  J 


POST  IMPACT  CONDITION  :- 

1.  Specimen  has  fractured. 

2.  Very  little  delamlnatlon  Is  to  be  seen  In  this  specimen. 

3.  Some  cracklng/spllttlng  parallel  to  the  O'  fibers  on  the  top  and  bottom 

layers . 

A.  No  obvious  impactor  penetration  and  as  a  consequence  there  Is  very  little 
material  push-through. 

5.  Material  fracture  has  occurred  at  the  mid-span  of  the  specimen  and  near 
to  one  of  the  span  ends. 
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FIGURE  21.  Impact  data  obtained  for  the  LAS  glass-ceramic  speiemen  LAS  1-02 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS 


FIBRE 

MATRIX 

LAY-UP 


At 


CRAFIL  HIGH  MODULUS  CARBON 
LAS  GLASS- CERAMIC 
(0,90,0,90)* 


TESTINC  CONDITIONS  : 


BUILT-IN  ENDS 
6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1.56kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  4J 
IMPACT  VELOCITY  -  2.265m/» 


* 


f. 


I 

I 

.  ■ 

I 

i 

I 

i 

■ 


SPECIMEN  NUMEEP.  BOP.5-25 


MATERIAL  :  FIBER  Graf  11  Carbon  Fiber 
MATRIX  Borosilicate  Glass 
LAY-UP  (0,90,0,90)3 


IMP ACTOR  TYPE  : -  6  mm 

Conical  Tup 

Impact  Energy 

X 

I  00 

0 

Mass  of 

Impactor 

-  1 .  56 

k* 

Drop  Height 

3E 

0  .  O’7 

m 

Impact  Velocity 

X 

1.13 

m  s 

Specimen 

Span 

*  50.00 

mm 

Applied  Stress 

- 

4  0.  00 

MF  a 

Specimen 

Width 

=  24.80 

mm 

Max.  Recorded  Force 

X 

O 

v* 

O 

O 

N 

Specimen 

Thickness 

-  2. 40 

mm 

Max.  Recorded  Energy 

* 

1 . 00 

3 

POST  IMPACT 

CONDITION 

:  - 

1.  Specimen  has  not 

fractured . 

2.  Small 

indentation 

mark  on 

top 

surface  with  some  splltt 

i.ng 

between 

the 

fibers  either  side  of  the  impact  point. 

3.  No  delamination  is  visible  along  the  edges. 

4.  Slight  bulge  on  the  under  face  indicating  internal  del  ami  nat  icn ,  ar.d 

again  some  splitting  between  the  O'  plies. 


P 


FIGURE  23.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR5-25. 
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SPECIMEN  NUMBER  80R5-29 


MATERIAL  :  FIBER  Grafll  Carbon  Fiber 
MATRIX  Borcslllcate  Glass 
LAY-UP  (0,90.0, 90 ) s 


IMPACTOR  TYPE  : -  6  mm 

Conical  Tup 

Impact  Energy 

m 

1 .  oc 

3 

Mass  of  Impactor 

-  1.56  kg 

Drop  Height 

as 

0.  0? 

m 

Impact  Velocity 

m 

1.13 

m/s 

Specimen  Span 

-  50.00  sun 

Applied  Stress 

m 

70.00 

MFa 

Specimen  Width 

•  26.85  mm 

Max.  Recorded  Force 

at 

695. 00 

N 

Specimen  Thickness 

-  2.63  sun 

Max.  Recorded  Energy 

■ 

0.79 

J 

POST  IMPACT  CONDITION 

1.  Specimen  has  frtctursd. 

2.  A  small  Impact  mark  Is  visible  on  the  top  surface.  The  fracture  crack  is 

perpendicular  to  the  applied  stress  axis  when  viewed  from  the  top. 

3.  Considerable  cracking  is  present  in  all  90*  plies  along  one  edge. 

U.  Fracture  surface  has  a  step-like  appearance.  Some  fiber  pull-out  is 

visible.  Delamination  at  the  bottom  o'/90*  Interface  has  resulted  in 
the  deviation  of  the  fracture  crack  across  the  bottom  o'  ply. 


FIGURE  24.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR5-29. 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE  CRAF1L  HIGH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  GLASS 

LAY-UP  (0.90,0.90)1 


TESTING  CONDITIONS  :  BUILT-IN  ENOS 

6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMP  ACTOR  -  1.56kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  1J 
IMPACT  VELOCITY  -  1.132m/i 


FIGURE  25.  Damage  sustained  by  the  borosilicate  glass  composite  specimens  BORb-29 
and  BOR5-25  during  an  impact. 
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:  V  -at. 


SPECIMEN  NUMBER  BOF.ft-20 


MATERIAL 


FIBER  Orafll  Carbon  Fiber 
MATRIX  Borosllicate  Glass 
LAY-UP  (0.90.0.90)8 


IMPACTOR  TYPE  : -  6  mm 
Mass  of  Impactor 


Conical  Tup 
«  1.56k* 


Specimen  Span 
Specimen  width 
Specimen  Thickneee 


50. 00  mm 
26.79  mm 
2.  6ft  mm 


impect  Energy 
Drop  Height 
Impect  Velocity 
Applied  Stress 
Hex.  Recorded  Force 
Max.  Recorded  Energy 


2 .  cc  ; 
0.13  m 
1 . 60  m/s 
30. 00  MPa 
350.00  N 
--  J 


POST  IMPACT  CONDITION  : - 

1.  Specimen  he*  fractured. 

2.  Initial  surface  quality  is  looks  poor!  A  small  impact  mark  le  present  or. 

the  top  surface  with  extensive  splitting  parallel  to  the  O'  fibers. 

3.  Considerable  cracking  present  in  the  90'  plies.  Worse  than  that  observed 

with  both  BOP.  ft  - 1 9  and  BORft-21. 

ft.  Bottom  surface  has  some  splitting  parallel  to  the  O’  fibers.  The  fracture 
surface  is  very  uneven  but  la  generally  perpendicular  to  the  axis  of 
applied  stress,  with  considerable  fiber  pull-out,  giving  it  a  fibrous 
appearance . 

5.  Impactor  penetration  is  limited  suggesting  failure  is  probably  due  to 
specimen  flexure. 


4  P»v' 

* 


*  24* 


z  155 

u. 


expands;  f:f:e  vs  T:*s 


FORCE  VS  DEFLECTION 

® 


FIGURE  27.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR4-20. 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE  GRAFIL  HIGH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  GLASS 

LAY-UP  (0.90.0.90)* 


TESTING  CONDITIONS  :  BUILT-IN  ENOS 

6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1.36kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  2J 
R4PACT  VELOCITY  *  1.601m/* 


APPUED  STRESS  -  tt.OMPo 

SPECIMEN  NUMBER  :  BOR 4 -20 


FIGURE  28.  Damage  sustained  by  the  borosilicate  glass  composite  specimens  BOR4-20 
and  BOR4-21  during  an  impact. 


SPECIMEN  NUMBER  BGR2-12 


MATERIAL  :  FIBER  Grafil  Carbcr.  Fiber 
MATRIX  Borosilicate  Glass 
LAY-UP  (0.90.0.90)6 


IMPACTOR  TYPE  6  nun  Conical  Tup 
Maas  of  Impsctor  -  1 . 56  kg 

Specimen  Span  -  50.00  mm 
Specimen  width  •  20.32  mm 
Specimen  Thickness  -  2-31  mm 


Impact  Energy 
Drop  Height 
Impact  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


6 . 0C  J 
0 .  39  m 
2. 77  m/a 
15- 00  MPa 
575-00  N 
6.00  J 


POST  IMPACT  CONDITION  s - 

1.  Specimen  not  fractured. 

2.  Large  impact  crater  surrounded  with  short  lengths  of  fractured  fibers. 

Some  splitting  parallel  to  the  fibers  either  side  of  the  point  of 
Impact . 

3.  Extensive  cracking  present  In  the  90'  plies,  with  considerable  delaminatic 

especially  between  plies  In  the  bottom  half  of  the  specimen. 

4.  A  crack  perpendicular  to  the  strese  axis  has  been  formed  on  the  under 

surface,  across  the  specimen  width,  which  has  propagated  up  through  more 
than  half  the  specimen  thickness  on  both  sides. 

5-  Fracture  of  the  lower  O'  plies  In  the  composite,  combined  with  the  large 
tup  displacement,  has  resulted  in  the  formation  of  a  ridge  (maximum 
displacement  of  bottom  0*  ply  Is  10  mm)  across  the  under  surface. 
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FIGURE  29.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR2-12 


Copy  available  to  DTIC  doe*  not 
permit  hilly  legible  reproduction 


SPECIMEN  NUMBER  BOR3-15 


MATERIAL 


FIBER  Grafil  Carbon  Fiber 
MATRIX  Boroslllcate  Glass 
LAY-UP  ( 0 , 90 . 0 . 90 ) e 


IMPACTOP.  TYPE  :  -  6  mm 
Mess  of  Impactor 


Conical  Tup 
-  1.56  kg 


Specimen  Span 
Specimen  Width 
Specimen  Thickness 


50 . 00  mm 
2ft .  50  mm 
2 . 48  mm 


Impact  Energy 
Drop  Height 
Impact  Velocity 
Applied  Streaa 
Max.  Recorded  Force 
Max.  Recorded  Energy 


6.00  J 
0.  39  m 
2.77  m/s 
17. 50  MPa 
380.00  N 
3-48  J 


POST  IMPACT  CONDITION  :  - 

1.  Specimen  has  fractured. 

2.  The  top  two  0*  plies  exhibit  fiber  fracture  across  the  specimen  width 

at  four  or  five  places  along  the  specimen  span.  The  other  O'  plies  have 
fractured  at  the  extremities  of  the  specimen  span  and  beneath  the  point 
of  Impact. 

3.  Extensive  cracking  in  the  90*  plies  and  considerable  delamination 

between  all  the  plies  is  present. 

A.  Fracture  surface  exhibits  a  considerable  amount  of  fiber  pull-out  giving 
a  fibrous  appearance  to  the  post  fractured  specimen. 

5.  The  large  tup  displacement  coupled  with  the  severe  damage  mentioned  above 
together  with  the  major  perpendicular  to  the  stress  axis  crack  has  given 
the  Impacted  specimen  an  ad  hoc  hinge  at  the  original  specimen  rran 
extremities . 


FIGURE  jO.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR3-15. 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE  GRAF1L  HIGH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  GLASS 

LAY-UP  (0,90,0,90)8 

TESTING  CONDITIONS  :  BUILT-IN  ENDS 

6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1.56kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  6J 
IMPACT  VELOCITY  -  2.774m/a 


Copy  available  to  DTIC  doc«  not 
permit  fully  legible  reproduction 


SPECIMEN  NUMBEP.  BORll-62  (Exrrs  Pressing) 


MATERIAL 


F1BEP  Grefll  Cerbcn  Fiber 
MATRIX  Bcros i Ilcete  Glees 
LAY-UP  [0 . 90 , 0 , 90 ] e 


IMPACTOP.  TYPE  :  -  6  no 
Mess  of  Impector 


Conicel  Tup 
-  1.56  Kg 


Specimen  Spen 
Specimen  Width 
Specimen  Thickness 


$0 . 00  mm 
26 .  66  son 
2.26  mm 


Inspect  Energy 
Drop  Height 
Impect  Velocity 
Applied  Stress 
Max.  Recorded  Force 
Max.  Recorded  Energy 


6.00  J 
0. 39  m 
2.77  m/s 
20.00  MPe 
620.00  N 
6.00  J 


POST 

1. 

2. 


3. 

a . 

5. 


IMPACT  CONDITION  :  - 

Specimen  not  frectured  (impect  is  elightly  off-centre). 

Deep  tup  penetretlon.  leeving  e  hole  ebout  10  mm  in  dlemeter.  This 
hes  resulted  in  the  punching  out  of  en  eree  ebout  helf  the  specimen 
width,  ebout  20  mm  long  end  ebout  helf  the  specimen  thickness 
(le  deleminetion  hes  occurred  helf  wey  through  the  composite  thickness). 

No  wldespreed  deleminetion  is  visible. 

Demeged  region  is  distinctly  fibrous. 

Some  longitudinel  erecklng  is  present  on  the  under  surfece. 


FIGURE  32.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR11-62. 
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SPECIMEN  NUMBER  BOR12-66  (Exrrs  Pressing' 


MATERIAL  s  FIBER 
MATRIX 
LAY-UP 


Grafil  Carbon  Fiber 
Boroelllcete  Glass 
(0, 90. 0. 90  )  s 


IMPACTOR  TYPE  6  mm 

Con 

leal 

Tup 

Impact  Energy 

c 

8. 00 

J 

Mass  of  Impactor 

m 

1.56 

kK 

Drop  Height 

Impact  Velocity 

m 

m 

0.  52 
3. 20 

m 

m/s 

Specimen  Span 

m 

50. 00 

mm 

Applied  Stress 

« 

12.50 

MPs 

Specimen  Width 

m 

20 . 60 

mm 

Max.  Recorded  Force 

m 

650. 00 

N 

Specimen  Thickness 

- 

2 . 07 

mm 

Max.  Recorded  Energy 

at 

8 . 00 

J 

POST  IMPACT  CONDITION  : - 

1.  Specimen  has  not  fractured. 

2.  Deep  tup  penetration  has  occurred  leaving  a  hole  about  10  mir.  in  diameter. 

This  has  resulted  in  the  punching  out  of  a  region  across  the  specimen 
width,  although  varying  in  length  along  the  axis  of  applied  stress.  This 
has  been  helped  by  some  initial  delamination  at  the  5th  c'/90'  interface 

3.  Considerable  delamlnatlon  is  also  visible  on  one  side.  This  half  of  the 

specimen  also  contains  a  transverse  which  has  propagated  up  through  the 
specimen  thickness,  ie  the  specimen  has  fractured  over  half  its  width. 

U.  Damaged  area  is  distinctly  fibrous  in  appearance. 


FIGURE  33.  Impact  data  obtained  for  the  borosilicate  glass  specimen  BOR12-66, 
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INSTRUMENTED  IMPACT  TESTING  OF  STRESSED  COMPOSITES 


MATERIALS  :  FIBRE 
MATRIX 
LAY-UP 


CRAFIL  HIGH  MODULUS  CARBON 
BOROSIUCATE  GLASS  (EXTRA  PRESSINGS) 
(0.90.0.90)* 


TESTING  CONDITIONS  :  BUILT-IN  ENDS 

6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  1.56kg 
SPECIMEN  SPAN  -  50mm 


APPLIED  STRESS  -  20.0MPo 
SPECIMEN  NUMBER  :  BOR11-62 
IMPACT  ENERGY  -  6J 
BIPACT  VELOCITY  -  2.774m/» 


-APPLIED  STRESS  -  12.5MPo 
SPECIMEN  NUMBER  :  BOR12-66 
BIPACT  ENERCY  -  8J 
BIPACT  VELOCITY  -  3.205m/* 


t 


mm 


50mm 

_J 


Damage  sustained  by  the  borosilicate  glass  composite  specimens  B0R11-62 
and  BOR12-66  during  an  impact. 


FIBER  MATERIAL  GRAFIL  H.  M.  CARBON  IMPACTOR  TYPE  6  mm  CONICAL  IMPACTING  TUP 
MATRIX  MATERIAL  BOROSIUCATE  GLASS  IMPACTOR  MASS  1.56  kg 


FIGURE  36.  Variation  of  maximum  recorded  force  with  impact  velocity  for  the 
Carbon  /  borosilicate  glass  composite  material. 


(N)  33U0J 
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INDENTOR  DISPLACEMENT  (mm) 

FIGURE  37.  Plots  of  force  vs  indentor  displacement  obtained  from 

the  slow  indentation  experiments  on  the  LAS  glass— ceramic  composite 


INDENTING  SPEED  -  lOOmm/min  APPLIED  STRESS  -  tOMPa 
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INDENTOR  DISPLACEMENT  (mm) 

FIGURE  38.  Plots  of  force  vs  indentor  displacement  obtained  from 

the  slow  indentation  experiments  on  the  borosilicate  glass  composite. 


IMPACTS  OF  GRAFIL  /  BOROSILICATE  GLASS  COMPOSITES 


AT  ELEVATED  TEMPERATURES 

MATERIALS  :  FIBRE  GRAFIL  HIGH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  GLASS 

LAY-UP  (0,90.0,90)9 


TESTING  CONDITIONS  :  BUILT-IN  ENDS 

SPECIMENS  UNSTRESSED 
6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  0.85kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  0.5J 
IMPACT  VELOCITY  -  1.085m/9 


TEMPERATURE  -  580‘C 


TEMPERATURE  -  600‘C 


TEMPERATURE  -  650‘C 


l 


mm 

_ L 


50mm 


FIGURE  39. 


Damage  sustained  by  the  boros ilicate  glass 
elevated  temperatures  in  a  0.5J  impact. 


composite  material 


at 
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IMPACTS  OF  GRAFIL  /  BOROS1UCATE  GLASS  COMPOSITES 
AT  ELEVATED  TEMPERATURES 


MATERIALS  :  FIBRE  GRAFIL  HIGH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  CLASS 

LAY-UP  (0,90,0.90)* 


TESTING  CONDITIONS  BUILT-IN  ENDS 

SPECIMENS  UNSTRESSED 
6mm  CONICAL  IMPACTING  TUP 
WEIGHT  OF  IMPACTOR  -  0.85kg 
SPECIMEN  SPAN  -  50mm 
IMPACT  ENERGY  -  1J 
IMPACT  VELOCITY  -  1 .534m/* 


TEMPERATURE  -  400‘C 


TEMPERATURE  -  580'C 


TEMPERATURE  -  600*0 


TEMPERATURE  -  650‘C 


FIGURE  AO.  Damage  sustained  by  the  borosilicate  glass  composite  material  at 
elevated  temperatures  in  a  1J  impact. 
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BALLISTIC  IMPACTS  OF  CRAFIL  /  LAS  GLASS- CERAMIC  COMPOSITES 


MATERIALS  :  FIBRE  GRAFIL  HIGH  MODULUS  CARBON 
MATRIX  LAS  GLASS-CERAMIC 
LAY-UP  (0.90,0,90)* 


TESTING  CONDITIONS  :  BUILT-IN  ENDS 

SPECIMENS  UNSTRESSED 
6mm  STEEL  BALL  PROJECTILE 
SPECIMEN  SPAN  -  50mm 


IMPACT  VELOCITY  -  70m/» 
SPECIMEN  NUMBER  :  LAS2-09 
EQUIVALENT  IMPACT  ENERGY  -  2.18J 
UNDERSIDE  OF  SPECIMEN  SHOWN 


IMPACT  VELOCITY  -  100mA 
SPECIMEN  NUMBER  :  LAS2-08 
EQUIVALENT  IMPACT  ENERGY  -  4.45J 
UNOERSIDE  OF  SPECIMEN  SHOWN 


■■■■  -IMPACT  VELOCITY  -  140m/, 

SPECIMEN  NUMBER  :  LAS2-07 
EQUIVALENT  IMPACT  ENERGY  - 

underside  of  specimen  shown 


mm  50mm 

- 1 - 1 - 1 _ i-  ) 


FIGURE  41. 


Damage  sustained  by  the  LAS  glass-ceramic 
ballistic  impact  conditions. 


composite  material 


under 


80 


r 


BALLISTIC  IMPACTS  OF  GRAFIL  /  BOROSIUCATE  GLASS  COMPOSITES 


MATERIALS  :  FIBRE  GRAFIL  H1CH  MODULUS  CARBON 

MATRIX  BOROSIUCATE  GLASS 

LAY-UP  (0.90.0.90)* 


TESTING  CONDITIONS  : 


BUILT-IN  ENDS 
SPECIMENS  UNSTRESSED 
6mm  STEEL  BALL  PROJECTILE 
SPECIMEN  SPAN  -  50mm 


1 

SPECIMEN  NUMBER  :  BOR6-35 
EQUIVALENT  IMPACT  ENERGY  -  2. 

,  .JUi- 

UNDERSIDE  OF  SPECIMEN  SHOWN 

EXTRA  PRESSING 

SPECIMEN  NUMBER  :  BOR13-68 
UNDERSIDE  OF  SPECIMEN  SHOWN 

5.0mm 


iiki 


inf 


SPECIMEN  NUMBER  :  B0R7-38 
EQUIVALENT  IMPACT  ENERGY  -  4 
UNDERSIDE  OF  SPECIMEN  SHOWN 


SPECIMEN  NUMBER  :  BOR 6 -33 
EQUIVALENT  IMPACT  ENERGY  -  B.72J 
UNDERSIDE  OF  SPECIMEN  SHOWN 


FIGURE  42.  Damage  sustained  by  the  borosilicate  glass  composite  material  under 
ballistic  impact  conditions. 


MATERIAL  LAY-UP 
IMPACTOR  TYPE 
IMPACTOR  MASS 
SPECIMEN  SPAN 


(0,90,0,90)8 
6  mm  CONICAL  TUP 
1.S6  kg 
SO  mm 


BOROSIUCATE  GLASS 

EXTRA  BOROSIUCATE  GLASS  PRESSINGS 


FIGURE  44.  Variation  of  the  FRACTURE  /  NO  FRACTURE  boundary  over 
a  range  of  impact  energies  and  applied  stresses  for 
the  Borosilicate  glass  and  LAS  Glass-ceramic  composites. 
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IMPACTOR  TYPE  6  mm  CONICAL  TUP 
IMPACTOR  MASS  1 .56  kg 

SPECIMEN  SPAN  50  mm 


3  2  4  6  8  10  12  14 

IMPACT  ENERGY  (J) 


FIGURE  45.  Variation  of  the  boundary  between  complete  and 

incomplete  fracture  for  a  variety  of  materials  over  a 
range  of  impact  energies  and  applied  stresses. 


MAXIMUM  RECORDED  FORCE  (N) 


FIBER  MATERIAL 
MATRIX  MATERIAL 
MATERIAL  LAY-UP 
IMPACTOR  TYPE 
IMPACTOR  MASS 
SPECIMEN  SPAN 


GRAF1L  H.  M.  CARBON 
LAS  GLASS-CERAMIC 
(0,90.0.90)a 

6  mm  CONICAL  IMPACTING  TUP 
1.56  kg 
50  mm 


IMPACT 
ENERGY  (J) 

2 

5 

4 

5 


APPLIED  STRESS  (MPa) 


NON -FRACTURED  FRACTURED 
SPECIMEN  SPECIMEN 

▲  ▲ 

+  + 

®  » 

V 


FIGURE  46.  Variation  of  maximum  recorded  force  with 
applied  stress  and  impact  energy  for  the 
Carbon  /  LAS  glass-ceramic  composite  materials. 
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MAXIMUM  RECORDED  FORCE  (N) 


FIBER  MATERIAL  GRAFIL  H.  M.  CARBON 

MATRIX  MATERIAL  BOROSIUCATE  GLASS 

MATERIAL  UY-UP  (0,90.0.90)a 

IMPACTOR  TYPE  6  mm  CONICAL  IMPACTING  TUP 

IMPACTOR  MASS  1.56  kg 

SPECIMEN  SPAN  50  mm 

IMPACT  NDN-FRACTURED  FRACTURED 

ENERGY  (J)  SPECIMEN  SPECIMEN 

1  S 

2  A 

4  ® 

6  <$> 

8  X 

9 


0  10  20  30  40  50  60  70  80 


APPLIED  STRESS  (MPa) 

FIGURE  47.  Variation  of  maximum  recorded  force  with 
applied  stress  and  impact  energy  for  the 
Carbon  /  borosilicate  glass  composite  materials 


X  M  ♦  •  ►  ■ 


NORMALIZED  RESIDUAL  STRENGTH 


1.0 


FIGURE  48.  Effect  of  velocity  on  the  normalized  residual 
strength  of  an  impacted  composite  (21L 
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